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PREFACE 


Under  the  present  ONR  Contract,  United  Technologies  Research  Center  is  conducting 
an  analytical  investigation  of  plasma  processes  in  electrically  excited  electronic 
transition  lasers.  Particular  emphasis  in  this  investigation  is  directed  toward 
analysis  of  mercury-halide  lasers,  XeCl  lasers  using  HC1  as  the  halogen  source,  and 
advanced  heavy-metal  systems  such  as  TIHg.  A  primary  objective  of  this  research  is 
identification  of  fundamental  mechanisms  influencing  laser  and  plasma  processes. 

This  work  is  being  carried  out  in  close  coordination  with  other  Corporate  and  Navy 
sponsored  experimental  and  theoretical  programs. 

The  present  technical  report  is  based  upon  a  paper  entitled  "Kinetic  Processes 
in  the  Electrically  Excited  Mercuric-Bromide  Dissociation  Laser"  which  has  been 
submitted  to  Applied  Physics  Letters.  Reprints  of  recently  published  papers  are 
also  included  in  an  appendix. 
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Kinetic  Processes  in  the  Electrically  Excited 
Mercuric-Bromide  Dissociation  Laser* 

by 

William  L.  Nighan 

United  Technologies  Research  Center 
East  Hartford,  Connecticut  06108 

Abstract 

This  paper  reports  the  results  of  an  analysis  of  basic  kinetic  and  plasma 
processes  in  fast-pulse  100  nsec)  electric  discharges  containing  mixtures  of 
the  mercuric-bromide  molecule  HgBr2*  and  N2  in  a  Ne  background.  Formation  of  the 
laser  molecule  HgBr  (B 2£+)  is  shown  to  occur  as  result  of  dissociative  excitation 
transfer  following  quenching  of  Nj  (A^ZU+)  by  HgBrj • 

*  Supported  in  part  by  the  Office  of  Naval  Research 


2  +  ?  + 

Excitation  of  the  mercury-bromide  BE  -*•  X  E  laser  transition  at  502  nm  has 

been  achieved  by  dissociative  excitation  of  the  mercuric-bromide  molecule,  HgB^ , 

1  2 

in  an  electric  discharge  ’  .  Electrical-optical  energy  conversion  efficiency  in 

the  0.1  -  1.0%  range  has  been  obtained,  suggesting  that  for  optimized  conditions 

efficiency  in  excess  of  1%  may  be  achievable.  Moreover,  the  required  concentration 

of  HgBr2  2  torr)  can  be  produced  at  a  temperature  150°C)  substantially  lower 

than  that  typical  of  mercury-halide  lasers  using  mercury  vapor-halogen  mixtures. 

In  this  paper  basic  kinetic  processes  occurring  in  this  new  class  of  mercury-halide 

laser  will  be  examined. 

1  2 

Experimentation  ’  using  fast-pulse  100  nsec)  electric  discharge  excitation 
indicates  an  optimum  HgB^  fractional  concentraion  in  the  0.2  -  0.3%  range  with 
Ne  (or  He)  serving  as  the  buffer  gas  at  a  pressure  near  one  atmosphere.  Addition 
of  approximately  2  -  10%  Nj  to  this  mixture  has  been  found  to  improve  laser  power 
and  efficiency  significantly.  For  this  reason  analysis  of  HgBr(B  E  )  formation 
kinetics  in  the  ^  laser  mixture  has  been  emphasized  in  the  present  study.  Electron- 
N2  collision  processes  are  expected  to  dominate  discharge  processes  in  the  HgB^  - 
N2  -  Ne  mixture  because  of  the  large  NjJHgB^  concentration  ratio,  the  numerous  ^ 
vibrational  and  electronic  levels  having  large  cross  sections,  and  the  high  energy 
threshold  for  electronic  excitation  of  Ne.  Indeed,  the  present  calculations  of 
electron  energy  distributions  and  electron-molecule  energy  transfer  rates  for  the 
E/n  range  typical  of  the  experiments  of  Refs.  1  and  2  show  that  over  95%  of  the 
total  discharge  energy  is  consumed  by  N2  vibrational  and  electronic  excitation  in 
approximately  equal  proportions.  Recent  measurements  have  shown  that  the  rate 
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coefficient  for  dissociative  excitation  transfer  from  N2(A3Eu+)  to  HgBr2  is  large3, 

and  that  the  cross  section  for  direct  electron  dissociative  excitation  of  HgBr2 

leading  to  HgBr(B^E+)  is  small^.  These  findings  are  consistent  with  the  HgBr(B^E+) 

formation  sequence  illustrated  in  Fig.  1. 

Figure  1  shows  the  principal  N2  states  excited  directly  by  electron  impact  on 

ground  state  N^.  The  shaded  area  refers  to  the  N^B'  Ey) ,  (a'  Ey) ,  (a  II  )  and 

(w*Au)  group  of  states;  and  the  percentages  shown  refer  to  the  fractional  electron 

energy  initially  transferred  to  each  state  (or  group  of  states) ,  computed  for  the 

1  2 

experimental  conditions  of  present  interest  *  .  There  are  numerous  HgBr2  electronic 

states  in  the  4-10  eV  range?  In  this  figure,  the  regions  labeled  a-d  refer  to  the 

experimentally  determined  photo-absorption  bands  of  HgB^^’^.  Available  evidence 

3  +  1  + 

indicates  that  only  states  in  the  "b"  band,  and  particularly  HgBr2(  E  )  and  (  E  ) ,  pre- 

2  4* 

dissociate  to  form  HgBr(B  I  ). 

3  3  + 

Measurements  of  ^(A  E^)  quenching  by  HgBr2  yield  a  rate  coefficient  of 

1.0  x  10~^®sec“^cm3  for  the  formation  of  HgBr(B^E^),  and  a  total  quenching 

coefficient  of  approximately  3.0  x  KT’^sec^cm3,  indicative  of  a  branching  ratio 

of  about  one-third.  However,  Fig.  1  shows  that  only  10%  of  the  electron  energy  is 

transferred  directly  to  N2(a3E*).  Thus,  a  primary  consideration  in  analysis  of 
2  + 

HgBr(B  E  )  formation  kinetics  in  the  HgB^/^  system  is  the  ultimate  redistribution 

of  the  large  fraction  40%)  of  the  discharge  energy  initially  deposited  in  higher 

3  3 

N2  electronic  levels,  particulary  the  coupled  B  JIg  and  W  A^  states  which  are  populated 
by  electron  impact  and  by  cascade  from  higher  levels.  Under  laser  discharge 
conditions,  excitation  transfer  from  these  states  to  HgBr2  is  likely  to  occur  in 
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Fig.  1.  Simplified  energy  level  diagram  illustrating  the  HgBr (B  l  ) 
formation  sequence  in  electrically  excited  mixtures  of  HgBr2  and  N2* 
The  percentages  shown  refer  to  the  fractional  electron  energy  transfer 
to  each  state. 


a  time  less  that  that  required  for  either  electronic  relaxation  to  high  vibrational 
levels  of  ^(A^E*),  or  for  vibrational  relaxation  of  the  A^E^  state.  Michels^  has 
carried  out  an  analysis  based  on  consideration  of  the  energy  defect  corresponding 

•fa 

to  various  ^  -  HgB^  collision  channels  and  on  correlations  of  the  spin  and  symmetry 

of  reaction  products.  This  analysis  shows  that  excitation  transfer  from  N^(A^E^) 

results  in  the  formation  of  HgB^^E*)  which  correlates  diabatically  with  the 

HgBr(B2£+)  laser  state,  with  some  branching  to  HgBr(A2n)  and  HgBr(X2E+)  also  probable. 

3  3  + 

This  conclusion  is  consistent  with  measurements  of  ^(A  Ey)  quenching  by  HgB^* 

3  3 

In  contrast  to  this  situation,  excitation  transfer  from  ^(W  Ay)  leads  to  HgBr2(  A^) , 

and  subsequently  to  HgBr(A2n)  and  HgBr(C2n),  with  no  branching  to  HgBr(B2E*) .  In 

3  3 

addition,  excitation  transfer  from  ^(B  JI^)  leads  to  HgB^C  ng) ,  which  correlates 

diabatically  with  the  HgBr(C^IT)  state,  with  branching  to  the  A2II,  B2E+  and  X2E+ 

states  of  HgBr  also  possible.  Thus,  excitation  transfer  to  HgB^  from  the  coupled 
3  3 

B  n  and  W  Au  states  of  Nj  is  expected  to  result  in  states  of  HgBr2  which,  for 

2 

the  most  part,  do  not  dissociate  to  produce  the  HgBr(B  E+)  laser  state.  In  the 

3  3 

present  analysis,  the  total  rate  coefficient  for  quenching  of  ^(B  Ilg)  and  ^(W  Ay) 

3  + 

was  taken  to  be  the  same  as  the  value  measured  for  N^(A  Eu) ,  but  branching  to 
2  + 

HgBr(B  E  )  was  assumed  to  be  zero. 

Because  ^  cross  sections  for  vibrational  and  electronic  excitation  are  well 
known,  electron  energy  distributions  and  related  rate  coefficients  could  be  calcu¬ 
lated  reliably  for  use  as  input  in  a  self-consistent  model  of  the  time  dependent 
variation  of  electron,  ion  and  excited  state  processes  for  conditions  typical  of 


the  fast-pulse  discharge  experiments  of  Refs.  1  and  2.  For  a  Ne-^-HgBr^  mixture 

in  the  proportions  0.95  -  0.05  -  0.0025  at  a  pressure  of  1.3  atm,  the  measured^ 

E/n  value  at  which  breakdown  occurred  was  found  to  be  approximately  3  x  10  Vcm^, 

subsequently  decreasing  to  zero  in  about  150  nse.  For  these  conditions  the 

present  calculations  show  that  the  dominant  contributions  to  ionization  are 

Penning  ionization  of  ^  and  HgBr2  by  Ne*  ("v  50%) ,  direct  electron  impact  ionization 

of  N2  35%),  and  direct  electron  impact  ionization  of  HgBr2  15%)^.  Ionization 

from  the  highly  populated  N2  (AJ^)  ,  (B  IIg)  and  (W  Au)  states  was  found  to  be  unimportant, 

a  reflection  of  the  relatively  high  ionization  potentials  of  these  excited  species. 

This  is  significant,  since  cumulative  ionization  involving  electronically  excited 

species  is  usually  a  major  contributor  to  the  occurrence  of  ionization  instability 

8 

and  subsequently,  discharge  arcing  • 

Presented  in  Fig.  2  are  temporal  variations  of  discharge  current  density,  zero- 
field  gain  (assuming  no  lower  laser  level  population),  and  the  energy  efficiency 
of  HgBr(B^£+)  formation  computed  for  conditions  typical  of  those  of  Ref.  1.  The 

O  1 

HgBr(B  £  )  formation  efficiency  at  any  point  is  simply  the  time  integrated  ratio 

of  the  energy  flow  through  the  HgBr(B^£+)  state  to  the  total  energy  deposited  in  the 

discharge  up  to  that  time.  Both  the  peak  values  and  temporal  evolution  of  the  computed 

current  density  and  gain  are  in  good  agreement  with  measured  values^.  For  the 

2  4- 

conditions  of  this  example  HgBr(B  E  )  is  produced  by  way  of  excitation  transfer  from 
3 

the  N2(A  £u)  state  alone  discussed  previously,  the  latter  produced  by  direct 
electron  impact  of  N2,  and  to  a  lesser  extent  by  N2(B3ITg)  -*  N2(A3E+)  transitions 
resulting  from  collisions  with  electrons  and  N2  molecules.  The  primary  loss  of 


*  A 


i  • 
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Fig.  2.  Temporal  variations  of  discharge  current  density,  zero-field 
gain  (assuming  no  lower  laser  level  population),  and  HgBr(B  I+) 
formation  efficiency  computed  for  a  Ne-^-HgB^  mixture  in  the  pro¬ 
portions  0.95-0.05-0.0025  at  a  pressure  of  1.3  atm  and  conditions 
otherwise  similar  to  the  experiments  of  Ref.  1. 
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2  + 

HgBr(B  E  )  is  due  to  spontaneous  decay  ('v-  47%)  ,  and  to  collisions  with  HgB^  17%), 

Ne  16%),  electrons  13%)  and  N2  7%).  These  processes  result  in  an  effective 

upper  level  lifetime  of  about  10  nsec,  corresponding  to  a  saturation  intensity  of 

2  1 
approximately  175  kW/cm  ,  also  in  good  agreement  with  measured  values  .  Figure  2 

2  .+ 

indicates  that  HgBr(B  1  )  formation  efficiency  reaches  a  maximum  level  of  about 
2.0%  by  the  end  of  the  pulse.  Measured^  laser  efficiency  under  these  conditions 
is  typically  0.5%,  a  value  consistent  with  an  overall  optical  extraction  efficiency 
of  25%. 

Figure  3  shows  the  temporal  variation  of  several  major  species  corresponding 
to  the  conditions  of  Fig.  2.  The  concentrations  of  the  ^(A^E^)  and  the  coupled 
N^(B  Ilg)  and  Nj(W  &u)  states  reach  very  high  levels  at  about  the  time  the  current 
density  reaches  its  peak,  reflecting  the  relatively  large  values  of  N2  concentration, 
electron  density,  and  e-N2  excitation  rate  coefficients.  These  Nj  states  decay 
rather  slowly  indicative  of  their  rate  of  quenching  by  HgB^  which  is  present  in 
small  concentration.  In  the  present  model  the  temporal  decay  of  HgBr(B  £  ) 
essentially  follows  the  ^(A^E*)  population  as  shown  in  the  figure.  However, 
vibrational  redistribution  within  the  ^(A  Eu)  state  will  occur  as  a  function  of 

time,  particularly  as  the  pumping  decreases  (decreasing  ne  and  E/n) .  Indeed,  both 
3  + 

the  total  Nj(A  Eu)  quenching  rate  and  HgB^  product  states  may  actually  exhibit  a 
3  + 

dependence  on  Nj(A  Eu)  vibrational  level,  and  therefore  on  time. 

Fractional  dissociation  of  HgB^  reaches  a  value  of  approximately  10%  for  the 

2  + 

present  example,  resulting  in  a  significant  concentration  of  HgBr(X  E  )  by  the  end 

2  + 

of  the  pulse.  A  significant  fraction  of  HgBr(X  E  )  is  initially  produced  in  the 
v  =  22  terminal  laser  level  which  is  apparently  relaxed  rather  rapidly  by  collisions 
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Fig.  3.  Temporal  variation  of  selected  species  concentrations 
corresponding  to  the  conditions  of  Fig.  2. 


with  neutrals.  However,  since  the  electron  density  and  electron  temperature  remain 
relatively  high  throughout  the  entire  pulse,  vibrational  excitation  of  HgBr  by 
electrons  may  result  in  a  vibrational  temperature  well  above  that  typical  of  the 
gas  temperature.  Thus,  it  is  probable  that  lower  laser  level  buildup  becomes 
significant  at  some  time  prior  to  the  end  of  the  pulse  for  the  conditions  examined 
here . 

Although  addition  of  to  the  Ne-HgBr^  mixture  results  in  a  significant 
improvement  in  pulse  energy  and  efficiency,  particularly  the  former,  the  HgBr^ 
dissociation  laser  does  operate  at  an  efficiency  above  0.1%  without  ^  in  the 
mixture^.  The  present  analysis  shows  that  electron  energy  transfer,  ionization, 
and  HgBr(B^I+)  formation  processes  are  completely  different  in  the  absence  of  ^ • 
Calculations  indicate  that  in  Ne-HgB^  mixtures  the  dominant  electron  energy 
transfer  processes  are  Ne  metastable  production  followed  by  Penning  ionization  of 
HgBi^,  and  direct  electron  impact  ionization  of  HgB^^.  Predissociating  states 

of  HgBr2  can  be  produced  either  by  the  ion-ion  recombination  reaction,  HgBr^  +  B~ 

*  +  * 

+  Ne  -*■  HgB^  +  Br  +  Ne,  or  by  electron-ion  recombination,  HgBr^  +  e  ■+  HgBr2. 

9 

Based  on  estimates  for  ion  loss  rates  ,  the  present  calculations  show  that  ion  loss 
due  to  electron-ion  recombination  is  5-10  times  larger  that  that  due  to  ion-ion 
recombination.  Since  numerous  excited  states  of  HgB^  can  be  formed  by  either 
recombination  reaction,  the  branching  ratio  for  HgBr(B^Z+)  formation  is  not  likely 
to  be  very  high.  By  assuming  a  branching  ratio  of  0.2  for  HgBr(B^£+)  formation  via 
recombination  reactions,  values  of  peak  gain  4%  cm-^)  and  HgBr(B^E+)  formation 
efficiency  1.75%)  were  computed  for  conditions  generally  similar  to  those  of 
Fig.  2.  These  values  are  somewhat  less  than  those  typical  of  mixtures  containing 
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N2«  a  result  consistent  with  experimental  observations  .  However,  for  similar 
current  density  levels  the  total  energy  deposited  in  the  gas  is  significantly  less 
in  the  absence  of  ^  reflecting  substantially  lower  E/n  levels  typical  of  Ne-HgB^ 
mixtures.  It  should  also  be  pointed  out  that  with  N2  in  the  mixture,  recombination 
reactions  are  insignificant  compared  to  excitation  transfer  insofar  as 

HgBr(B^E+)  formation  is  concerned. 

Although  the  data  base  required  for  comprehensive  modeling  of  mercuric-bromide 

dissociation  lasers  is  far  from  complete,  the  present  analysis  shows  that  available 

experimental  observations  can  be  interpreted  in  a  self  consistent  manner  for  HgB^ 

2 

laser  mixtures  containing  N2.  Analysis  of  HgBr(B  l  )  formation  kinetics  and 
discharge  characteristics  indicate  that  the  HgBr^/^  system  has  considerable 
potential  for  efficient  scaling  to  energy  levels  substantially  in  excess  of  those 
reported  to  date. 

The  author  acknowledges  numerous  helpful  discussions  with  his  collegues 
particularly,  L.  A. Newman  and  H.  H.  Michels.  Also,  the  expert  assistance  of 
L.  Bromson  with  the  numerical  work  is  much  appreciated.  Additionally,  the  author 
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to  publication. 
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Techniques  are  described  for  prolonging  the  duration  of  stable  e-beam -controlled  excimer  laser 
discharges,  including:  temporal  tailoring  of  either  the  discharge  voltage  or  the  ionization  source 
and  kinetics  modification  by  way  of  additives.  Theoretical  and  experimental  results  are  presented 
for  KrF*  laser  discharges. 

PACS  numbers:  42.3S.Hg,  52.33.Py,  32.80.  -  s 


For  practical  high-power  excimer  laser  systems,  it  is 
desirable  to  utilize  electron-beam-sustained  discharge  exci¬ 
tation  rather  than  electron-beam  excitation  alone,  since  for  a 
given  laser  output  power  the  burden  on  the  electron-beam 
technology  is  significantly  lower.  One  of  the  major  obstacles 
to  implementing  the  e-beam-sustained  discharge  technique 
is  the  onset  of  ionization  instability. In  this  paper  a  number 
of  techniques  for  improving  excimer  laser  discharge  stability 
are  outlined  and  theoretical  and  experimental  results  are 
presented  for  an  electron-beam  sustained  KrF*  laser 
discharge. 

It  has  been  shown”  that  the  major  factor  contributing 
to  instability  in  electron-beam-controlled  KrF*  laser  dis¬ 
charges  is  dissociation  of  the  molecular  halogen,  Ft ,  during 
the  discharge  pulse.  This  can  be  readily  appreciated  upon 
examination  of  the  following  approximate  expression'-’  for 
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the  instability  growth  rate  v,  i.e., 

v~2n**  J  -  nfkm ,  (1) 

where  n*  and  nF|  are  the  number  densities  of  rare-gas  meta¬ 
stable  atoms  and  fluorine  molecules,  respectively,  while  k  * 
and  k„  are  the  rate  coefficients  for  metastable  ionization  and 
electron  dissociative  attachment,  respectively.  For  condi¬ 
tions  typical  of  KrF*  laser  mixtures,’  the  electron  conserva¬ 
tion  equation  is  well  approximated  by  the  relation 

nS~n,  nFi  k„ ,  (2) 

and  the  metastable  conservation  equation  can  be  approxi¬ 
mated  by 

n,  nk,JJE  /n)~n*nFi  kQ ,  (3) 

where  n  is  the  density  of  ground-state  rare-gas  atoms,  S  is  the 
ionization  rate  due  to  the  electron  beam,  kn  ( E  / n )  is  the 
metastable  production  rate  coefficient  (exhibiting  a  very 
strong  E  /n  dependence’),  and  kQ  is  the  rate  coefficient  for 
the  loss  of  metastables  due  to  F2  quenching.  Combination  of 
Eqs.  (1>— (3)  yields  the  following  criterion  for  discharge  sta- 
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bilily  ( i.e.,  v<0): 

2n2k  >„(£/»)  , 

- r — 7 -  <  1  (4) 

nl,klkQ 

For  the  parameter  values  required  for  efficient  rare-gas-ha- 
lide  laser  operation,  it  has  been  shown’  that  the  left-hand  side 
of  this  inequality  is  usually  in  theO.  1-0.5  range,  indicative  of 
a  marginally  stable  situation. 

In  most  e-beam-controlled  KrF*  lasers  the  discharge 
E  /n  value  is  typically  maintained  at  a  relatively  constant 
level  throughout  the  pulse,  while  the  e-beam  source  function 
5  tends  to  increase  due  to  the  space-charge-limited  mode  of 
operation  of  cold-cathode  e-beam  guns.  This  tendency  re¬ 
sults  in  an  increase  in  the  numerator  on  the  left-hand  side  of 
inequality  (4),  i.e.,  reduced  stability.  More  importantly,  the 
form  of  Eq.  (4)  indicates  that  the  onset  of  instability  (v>0)is 
exceptionally  sensitive  to  the  dissociative  loss  of  F2 .  Since 
F,  dissociation  is  primarily  a  consequence  of  rare-gas-ha- 
lide  formation  itself,’  invariably  a  point  in  time  is  reached  for 
which  electron  density  disturbances  are  amplified,  i.e.,  in¬ 
equality  (4)  is  violated  and  the  discharge  becomes  unstable. 
At  the  high  values  of  E/n  (i.e.,  higher  values  of  k„ )  required 
for  effective  discharge  energy  enhancement  and  high  dis¬ 
charge  power  density,  the  unstable  point  is  reached  earlier  in 
the  pulse.2 1 

The  form  of  the  stability  criterion  [Eq.  (4)]  discussed 
above  suggests  several  techniques  for  increasing  the  stable 
duration  of  the  discharge  pulse  while  maintaining  laser 
properties  near  their  optimum  values.  These  include:  (1) 
temporal  tailoring  of  either  the  discharge  voltage  ( E  /n),  i.e., 
controlled  temporal  reduction  of  kex ,  or  of  the  e-beam  ion¬ 
ization  source  function  S  in  order  to  compensate  for  F2  loss; 
(2)  modification  of  the  halogen  kinetics  in  such  a  way  that 
loss  of  F2  has  a  less  severe  effect  on  the  occurrence  of 
instability. 

The  stabilizing  influence  of  judicious  temporal  reduc¬ 
tion  in  either  S  or  ktx  (i.e.,  E  /n)  in  order  to  compensate  for 
the  changes  in  plasma  properties  caused  by  the  dissociative 
loss  of  F2  is  conceptually  straightforward .  The  potential  role 
of  halogen  kinetics  modification  is  best  understood  by  ob¬ 
serving  that  in  conventional  KrF*  mixtures  reactions  in¬ 
volving  F2  control  both  the  electron  density  [Eq.  (2)]  and  the 
metastable  density  [Eq.  (3)],  a  circumstance  leading  to  the 
cubic  dependence  on  F2  concentration  exhibited  by  inequal¬ 
ity  (4).  This  situation  can  be  favorably  altered  by  use  of  a 
two-component  halogen  mixture  in  which  one  species  tends 
to  dominate  electron  loss,  while  the  other  (the  halogen  fuel) 
dominates  metastable  processes  and  therefore  excimer  for¬ 
mation.  Such  is  the  case  in  certain  F2  -NF3  mixtures,  for 
example.  The  rate  coefficient  for  electron  dissociative  at¬ 
tachment  in  NF,  is  approximately  four  times  larger  than 
that  of  F2 ,  while  the  NF3  -rare-gas  metastable  atom  quench¬ 
ing  coefficient  is  about  six  times  smaller  than  that  of  F2 . 
Thus,  addition  of  a  relatively  small  amount  of  NF, 

(NFj  /F2  <0. 1)  to  the  conventional  KrF*  laser  mixture  will 
significantly  affect  the  electron  density  but  should  exert  little 
or  no  influence  on  other  processes.  Enhanced  stability 
should  result  as  a  consequence  of  the  weakened  coupling 
between  the  electron  and  metastable  concentrations.  Indeed, 


FIG.  I  Computed  current  density  profiles  for  an  e-beam-controlled 
Ar(0  95)-Kr(0.05)-F,  (0005)  mixture  at  I  atm  For  each  of  these  examples 
the  initialE/n  value  was  I  4x  10  "’V  cm  1  and  the  e-beam  ionization  rate 

.S’ was  150  +  7.5X  10 ’/sec  '  (af/T/e constant;  <b)E/n  tailored  according 
to  the  relation  14  X  10  "’-0.35x10  "’/  V  cm  ;;(c)  E/n  constant  with 

0.05%  NF,  added 

withNFj  controlling  the  electron  loss  and  F2  the  metastable 
loss,  it  is  easily  shown  that  the  criterion  for  stability  becomes 

2n2k'Sktx(E/n) 

- — - - 7  <  I-  (5) 

«f. *«) 

Since  dissociative  NF3  -metastable  reactions  will  proceed  at 
a  much  slower  rate  than  the  corresponding  F2  reactions,  the 
impact  of  dissocation  on  electron  density  growth  (plasma 
stability)  should  be  lessened  substantially  as  indicated  by  the 
linear  dependence  of  Eq.  (5)  on  F2  concentration.  Further¬ 
more,  use  of  NF,  an  acceptable  fluorine  donor  itself,  does 
not  introduce  processes  unfavorable  to  the  efficient  forma¬ 
tion  of  KrF*. 

Detailed  numerical  evaluation  of  the  stability  enhance¬ 
ment  techniques  described  above  has  been  carried  out  using 
a  comprehensive  computer  model  of  an  e-beam-controlled 
KrF*  laser  discharge.  ’  Representative  results  are  presented 
in  Fig.  1,  which  shows  the  characteristic  temporal  runaway 
of  the  discharge  current  density  indicative  of  ionization  in¬ 
stability  onset  [curve  (a)].1  For  curve  (a),  E  /n  was  main¬ 
tained  at  a  constant  value  of  1 .4  X 10  16  V  cm 2,  a  condition 

for  which  instability  onset  occurs  approximately  0.3  //sec 
after  discharge  initiation.  Curve  (b)  illustrates  the  effect  of  a 
controlled  linear  reduction  in  E  /n  from  an  initial  value  of 
1.4x10  16  V  cm 2  to  a  value  of  approximately  1.0  X  10  lh 

V  cm 2  after  1.0  //sec.  The  predicted  improvement  in  stabil¬ 
ity  as  reflected  by  the  temporal  variation  in  discharge  cur¬ 
rent  density  is  dramatic  indeed,  with  the  region  of  stable 
discharge  behavior  increasing  to  about  0.8  //sec,  and  the  to¬ 
tal  energy  deposited  in  the  gas  prior  to  the  occurrence  of 
instability  increasing  by  almost  a  factor  of  3.  Moreover,  the 
medium  properties  are  sensibly  uniform  in  time,  having  val¬ 
ues  compatible  with  efficient  high-power  laser  operation,* 
e.g.,  KrF*  production  efficiency,  20%,  zero-field  gain,  2.5% 
cm  “  gain  :  absorption  ratio,  10;  electric  power  density, 

1 10  kW  cm  ~ 3;  and  time-integrated  discharge  energy  en¬ 
hancement,  5.  Curve  (c)  illustrates  the  effect  of  NF3  addi¬ 
tion  for  an  NF,  -F2  concentration  ratio  of  0.1.  The  initially 
lower  current  density  level  reflects  the  increased  attachment 
loss  of  electrons  due  the  presence  of  NF, .  However,  the  im- 
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DISCHARGE  VOLT AGE  DISCHARGE  CURRENT  KrF' FLUORESCENCE 

I  n  1  4  >  10  16  Vcm? 


J  •  18  A/cm? 


200  nsec  /diw  200  nsec  /div  200  nsec  /div 


FIG  2  Measured  discharge  characteristics  for  the  mixture  and  e-beam 
ionization  rate  of  Fig  1  (a)  £ //f  constant  at  1.4x  10  ,hV  cm  2;(b)  capaci¬ 
tance  of  driving  circuit  reduced  resulting  in  temporal  reduction  in  E  /n 
similar  to  that  of  curve  (b)  in  Fig.  \;  E/n  constant  at  1  4  x  10  16  V  cm  2 

with  0.05%  NF,  added 

provement  in  discharge  stability  as  measured  by  the  tempo¬ 
ral  evolution  of  the  current  density  is  again  readily  apparent, 
with  the  computed  energy  deposited  in  the  gas  approximate¬ 
ly  twice  as  large  as  in  the  absence  of  NF,  [curve  (a)].  In 
addition,  average  medium  properties  are  comparable  to 
those  of  curve  (b).  Numerous  calculations  carried  out  on  the 
basis  of  a  tailored  e-beam  ionization  source,  as  well  as  a  vari¬ 
ety  of  combinations  of  the  techniques  outlined  above,  pro¬ 
duced  results  generally  similar  to  those  of  Fig.  1. 

The  stability  enhancement  techniques  described  above 
were  investigated  experimentally  using  an  e-beam-con- 
trolled  discharge'  having  an  active  volume  1 .5  X  2.0  X  50  cm. 
Presented  in  Fig.  2  are  discharge  current  density,  voltage, 
and  KrF*  fluorescence  traces  for  an  Ar(0.95)-Kr(0.05)- 
F2  (0.005)  mixture  at  1  atm.  The  data  of  Fig.  2(a)  correspond 
to  a  constant  E  /n  value  of  1 .4  X  10  16  V  cm 2  and  exhibit 

the  onset  of  instability  approximately  0.3  //sec  after  dis¬ 
charge  initiation,  as  indicated  by  the  characteristic  sharp  rise 
in  current  density  accompanied  by  a  decrease  in  both  voltage 
and  KrF*  fluorescence.  The  effect  of  discharge  voltage  tai¬ 
loring  was  evaluated  by  changing  the  discharge  driving  ca¬ 
pacitance  from  0.9  to  0.5  ^F,  which  resulted  in  a  nearly  lin¬ 
ear  decrease  in  E /n  from  an  initial  value  of  1.4x  10  16 

V  cm 2  in  a  manner  similar  to  that  corresponding  to  curve  (b) 
in  Fig.  1 .  Figure  2(b)  shows  that,  according  to  predictions, 
the  onset  of  instability  was  delayed  until  about  the  0.5-^sec 
point.  The  influence  of  NF3  addition  with  constant  E/n  is 
represented  by  the  data  of  Fig.  2(c).  The  observed  reduction 
in  the  initial  current  density  level  and  the  increase  in  stable 
discharge  duration  to  about  0.7  /zsec  are  also  found  to  be  in 
good  agreement  with  analytical  predictions. 

Figure  3(a)  shows  that  an  increase  in  the  constant  E  /n 


DISCHARGE  VOtTAGE  DISCHARGE  CURRENT  KrF '  FLUORESCENCE 


E/n  •  1  8  ■  10  16  Vem* 


250  nsec  /div  2 50  nsec  /div  250  nsec  /div 


tin  ‘  19a  10  16  Vcm? 
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FIG.  3.  Measured  discharge  characteristics  for  the  mixture  and  e-beam 
ionization  rate  of  Figs.  1  and  2.  (a)  E/n  constant  at  1.8x10  16  V  cm  2;  (b) 

temporal  reduction  in  £/d  from  an  initial  value  of  1.9  x  10  '*V  cm2  with 

0  025%  NF,  added. 

level  to  1.8  X  10  lft  V  cm 2  for  the  indicated  Ar/Kr/F2 
mixture  resulted  in  instability  onset  in  a  time  less  than  0. 1 
/isec.  However,  upon  introduction  of  0.025%  NF, 

(NF,  /F2  =  0.05)  and  by  reduction  of  the  discharge  driving 
capacitance  from  10.0  to  0.25  fx F  in  order  to  produce  a  tem¬ 
poral  decrease  in  E /n,  the  stable  pulse  duration  was  in¬ 
creased  to  about  0.35  /zsec.  For  these  conditions  the  dis¬ 
charge  power  density  was  1 17  kW  cm  3  and  the  e-beam 
power  deposition  density  was  16  kW  cm  3  (corresponding 
to  an  e-beam  current  density  of  2.0  A  cm  2).  Thus,  the 
discharge  energy  enhancement  factor  was  about  7.  Code  cal¬ 
culations  for  these  conditions  indicate  a  zero-field  gain  of 
3.4%  cm  \  volumetric  absorption  of  0.2%  cm  ',  and 
KrF*  formation  efficiency  of  25%,  values  compatible  with 
efficient  high-power  laser  operation.* 

The  stability  enhancement  techniques  described  herein 
are  relatively  simple  to  implement  and  offer  the  promise  of 
efficient  scalable  rare-gas-halide  and  metal-halide  lasers  at 
significantly  reduced  e-beam  current  density  levels,  thereby 
facilitating  operation  at  high  average  power.  At  the  present 
time  a  more  complete  reporting  of  this  research  is  in  prepara¬ 
tion  and  work  with  other  excimer  lasers  is  underway. 

The  authors  wish  to  thank  R.  Preisach  for  his  excellent 
technical  assistance  with  the  experimental  portion  of  the 
work. 
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Abstract- Thii  paper  presents  the  results  of  an  analysis  of  plasma 
properties  in  an  electron-beam  controlled  KrF*  laser  discharge.  In  this 
study,  special  emphaais  is  placed  on  establishing  the  relationship  among 
the  numerous  kinetic  processes  influencing  the  populations  of  excited 
species  in  the  laser  medium.  Important  reactions  controlling  the  coupled 
populations  of  rare  gas  metastable  states  and  higher  excited  states  are 
discussed  in  detail,  along  with  the  resultant  effect  of  these  reactions  on 
KrF*  formation  efficiency.  It  is  shown  that  the  tare-gas  monohalide 
production  efficiency  is  approximately  20  percent  under  typical  condi¬ 
tions,  and  that  no  single  reaction  dominates  either  production  or  loss  of 
KrF*.  In  addition,  the  very  important  role  of  halogen  molecule  dissoci¬ 
ation  is  treated  and  the  resultant  effects  of  dissociation  on  the  temporal 
variations  of  plasma  properties  and  on  plasma  stability  are  analyzed. 

I.  Introduction 

HE  ELECTRICALLY  excited  rare-gas  halide  laser  is  the 
first  short-wavelength  laser  which  appears  capable  of  scal¬ 
ing  to  high  pulse  energy  and  high  average  power.  Electrical- 
optical  energy  conversion  efficiency  of  approximately  10  per¬ 
cent  has  been  attained  [1]  for  a  single-pulse  KrF*  laser  (X  = 
248  nm),  the  most  efficient  of  the  rare-gas  halide  class.  There 
are  numerous  applications  for  efficient  UV  and/or  visible  wave¬ 
length  lasers,  and  for  this  reason  these  new  laser  systems  have 
become  the  subject  of  increasing  attention  (2] .  At  the  time 
the  potential  of  rare-gas  monohalides  as  laser  molecules  was 
first  recognized  [3) ,  their  properties  were  essentially  unknown. 
For  this  reason  early  emphasis  was  placed  on  development  of 
a  thorough  understanding  of  the  structure  of  such  molecules 
and  their  reaction  kinetics.  These  efforts  have  resulted  in  a 
relatively  complete  understanding  of  rare-gas  halide  emission 
spectra  [4] ,  and  of  the  dominant  formation  and  quenching 
processes  of  these  molecules  (5).  Additionally,  detailed  mod¬ 
eling  of  kinetic  processes  has  provided  the  insight  required  to 
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identify  optimum  conditions  for  rare-gas  halide  laser  operation 

(11,161,(71. 

The  plasma  medium  typical  of  these  lasers  is  created  in  a 
near  atmospheric  pressure  rare-gas  mixture  containing  a  small 
(<1  percent)  fractional  concentration  of  a  halogen-bearing 
molecule.  Pulsed  electrical  excitation  is  provided  either  by  a 
beam  of  high  energy  electrons  or  by  an  electric  discharge  in  a 
manner  generally  similar  to  that  typical  of  C02  lasers  (8) ,  (9] . 
However,  there  are  several  significant  features  which  differen¬ 
tiate  rare-gas  halide  lasers  from  their  IR  molecular  laser  coun¬ 
terparts.  These  include:  l)a  high  concentration  of  “alkali-like” 
rare  gas  metastable  atoms  which,  because  of  their  chemical 
activity  (3) ,  exert  a  dominant  influence  on  all  aspects  of  plasma 
behavior;  2)  a  major  constituent  (the  molecular  halogen)  which 
dissociates  rapidly  under  the  conditions  required  for  laser  oper¬ 
ation,  an  effect  resulting  in  very  important  temporal  changes 
in  the  gas  mixture;  and  3)  an  electron  density  which  is  above 
the  level  at  which  electron-electron  collisions  become  impor¬ 
tant,  with  the  result  that  the  plasma  cannot  be  considered 
weakly  ionized.  This  paper  presents  the  results  of  a  theoreti¬ 
cal  investigation  of  these  and  related  plasma  processes  for  condi¬ 
tions  representative  of  KrF*  lasers.  Special  emphasis  is  placed 
on  establishing  the  relationship  among  the  numerous  kinetic 
processes  which  influence  the  populations  of  various  excited 
species.  The  results  presented  are  qualitatively  similar  for  all 
rare-gas  halide  lasers,  and  should  provide  useful  information 
relevant  to  other  promising  excimer  lasers  as  well. 

Section  II  summarizes  the  basic  processes  contributing  to 
the  production  and  loss  of  rare-gas  metastable  atoms  and  of 
KrF*  molecules.  Particular  emphasis  is  placed  on  analysis  of 
electron-atom  excitation  and  ionization,  especially  the  depen¬ 
dence  of  rate  coefficients  for  these  processes  on  the  fractional 
concentration  of  electronically  excited  species  and  of  electrons. 
In  addition,  the  potential  importance  of  vibrational  excitation 
and  dissociation  of  F2  by  low  energy  electron  impact  and  of 
electron  attachment  to  vibrationally  excited  F2  are  discussed. 
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The  results  of  an  analysis  of  plasma  properties  in  an  electron- 
beam  controlled  KrF*  laser  discharge  are  presented  in  Section 
III.  Therein  the  important  reactions  controlling  the  coupled 
populations  of  rare-gas  metastable  states  and  higher  excited 
states  are  discussed  in  detail  along  with  the  resultant  effect  of 
these  reactions  on  KrF*  formation  efficiency.  In  addition,  the 
very  important  role  of  halogen  molecule  dissociation  is  treated 
and  the  resultant  effect  of  dissociation  on  plasma  stability  is 
analyzed.  Important  processes  requiring  improved  understand¬ 
ing  prior  to  successful  application  of  rare-gas  halide  lasers  are 
discussed  in  Section  IV. 

II.  Plasma  Processes 

A.  KrF*  Formation  and  Loss 

Rare-gas  halide  lasers  have  been  excited  successfully  both  by 
electron  beams  and  by  electric  discharges  [1],  In  the  latter 
case  either  fast  pulse  discharges  or  electron-beam  controlled 
discharges  have  been  used.  Rare-gas  monohalide  molecule 
formation  proceeds  by  way  of  generally  similar  processes  in 
each  case.  The  more  important  features  of  the  KrF*  forma¬ 
tion  and  loss  sequence  in  a  nominally  atmospheric  pressure  Ar- 
Kr-Fj  gas  mixture  are  illustrated  by  the  diagram  shown  in  Fig. 
1 .  This  figure  indicates  that  there  are  several  pathways  resulting 
in  the  formation  of  KrF*.  When  pure  electron-beam  excita¬ 
tion  is  used,  the  dominant  mechanisms  are  two- and  three-body 
positive  and  negative  ion  recombination,  the  positive  ionshav¬ 
ing  been  produced  by  ionization  initiated  by  the  high  energy 
primary  electrons  in  the  beam,  and  the  negative  ions  by  dis¬ 
sociative  attachment  reactions  involving  low  energy  electrons 
and  Fj.  Reactions  between  F2  and  rare-gas  metastable  atoms 
produced  by  low  energy  electron  impact  are  the  pnmary  source 
of  rare-gas  monohalide  molecules  in  electron-beam  controlled 
discharges.  Recombination  and  metastable  reactions  may 
make  comparable  contributions  to  rare-gas  halide  formation  in 
fast  pulse,  self-sustained  laser  discharges,  depending  on  specific 
circumstances.  Of  course  there  are  numerous  reactions  which 
tend  to  interrupt  the  chain  of  events  illustrated  in  Fig.  1. 
Nonetheless,  the  energy  utilization  efficiency  associated  with 
rare-gas  monohalide  molecule  formation  is  typically  in  excess 
of  20  percent  for  conditions  representative  of  both  electron- 
beam  excited  and  electron-beam  controlled  lasers  [1] .  How¬ 
ever,  electron-beam  controlled-discharge  excited  lasers,  for 
which  most  of  the  energy  is  provided  by  the  discharge,  have 
greater  potential  for  scaling  to  high  average  power  than  lasers 
excited  by  an  electron-beam  alone. 

Fig.  1  indicates  that  there  are  several  processes  contributing 
to  the  loss  of  KrF*;  these  are  also  found  to  be  of  comparable 
importance  for  typical  conditions.  In  subsequent  paragraphs, 
specific  details  of  the  reactions  indicated  in  Fig.  1  will  be  dis¬ 
cussed  with  emphasis  directed  toward  factors  of  importance  in 
discharge  excited  KrF*  lasers. 

B.  Electron  Collision  Processes 

Electron-Neutral  Energy  Transfer:  A  fundamental  factor 
contributing  to  the  high  efficiency  characteristic  of  discharge 
excited  rare-gas  halide  lasers  is  the  efficient  production  of  rare- 
gas  metastable  atoms  for  conditions  readily  attainable  experi- 
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Fig.  1.  Illustration  of  the  primary  reactions  contributing  to  KrF*  for¬ 
mation  and  loss  in  an  electrically  excited  Ar-Kr-Fj  mixture  at  nomi¬ 
nally  atmospheric  pressure. 


Fig.  2.  Fractional  contributions  to  electron  nc-uti at  p«  »n  transit-!  in 
an  Ar-Kr-Fj  mixture  having  the  proportions  -  O  n*  'i  uOV  V  «*r 
this  example,  the  fractional  ionization,  tr*  tixnal  metaUable  *ruen 
tration,  and  fractional  concentration  ol  rare  ptas  p  state  atoms  were 
10“*,  10”5,  and  10”*.  respeLtivel>  Hie  notation  R<»  refers  t»  the 
combined  effect  of  Ar  and  Kr. 

mentally.  Shown  in  Fig  2  are  the  computed  variations  of  the 
processes  dominating  elec  iron -atom  (molecule  1  energy  iransfer 
for  conditions  typical  ol  an  electron-beam  controlled  KrF* 
laser.  For  E/n  values1  greater  than  approximately  1  0  X  10  '* 
V  •  cm2 .  for  which  the  mean  electron  energy  2  is  about  3.25  eV 
for  the  mixture  indicated,  the  combined  argon  and  krypton 
metastable  production  efficiencies  exceed  50  percent,  and  reach 
70  percent  for  higher  LJn  values  Examination  of  Fig,  2  indi¬ 
cates  that  the  contributions  to  the  undesirable  loss  of  electron 
energy  due  to  clastic  collisions  with  atoms,  excitation  of  meta¬ 
stable  atoms  to  higher  stales,  and  Fj  dissociation  are  found  to 
be  of  comparable  importance  for  the  conditions  of  this  exam¬ 
ple.  However,  it  will  be  shown  that  the  net  effect  of  electron 
excitation  and  deexcitation  of  rare-gas  atoms  between  their 
metastable  and  p  slates  is  highly  variable,  depending  on  the 
concentration  of  metastable  atoms.  For  fractional  metastable 
concentrations  greater  than  the  10  ’  value  typical  of  this  ex- 

't'/n  is  the  ratio  ol  electric  held  intensity  to  total  neutral  number 
density. 

2 Mean  electron  energy  as  used  here  is  defined  as  3  the  average  energy 
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Fig.  3.  t'/n  variation  of  the  metastable  excitation  and  ionization  rate 

coefficients  for  ground  state  Ar  and  Kr  corresponding  to  the  condi¬ 
tions  of  Fig.  2. 

ample,  the  power  loss  accompanying  this  process  increases  sig¬ 
nificantly  (6) ,  [10) .  Although  the  energy  loss  associated  with 
ionization  of  excited  states  and  of  ground  state  atoms  is  small, 
these  processes  make  very  important  contributions  to  the  pro¬ 
duction  of  electrons  in  electron-beam  controlled  discharges. 

Fven  though  the  cross  sections  for  electron  excitation  of  F2 
vibrational  levels  are  relatively  large  (~10"17  cm2)  [11],  vibra¬ 
tional  excitation  does  not  appear  to  be  an  important  energy 
loss  process  because  the  energy  loss  per  collision  is  small  (~0.1 
eV  )  1 1  2 1  Although  there  are  no  electron  cross  section  data 
lor  Fj  electronic  excitation,  this  process  may  be  important 
because  the  electron  energy  loss  will  be  several  electron  volts. 
Additionally,  there  are  numerous  F2  electronic  states  in  the  3 

10  10  eV  range  which  are  repulsive  [13]  and  which  would 
iherclorc  result  in  F2  dissociation  when  excited.  In  this  energy 
range  there  are  likely  to  be  excited  states  of  the  F^  ion  which 
lie  above  dissociating  states  of  F2  in  the  vicinity  of  the  F2 
equilibrium  inlernucleat  separation.  Thus,  for  electron  ener¬ 
gies  ol  a  lew  electron  volts  F2  electronic  excitation  may  be 
enhanced  by  resonance  processes  as  is  the  case  with  dissocia¬ 
tive  attachment  |I4|-[I6|.  In  order  to  reasonably  account 
lor  the  elfect  ol  F2  electronic  excitation,  indirect  experimen¬ 
tal  evidence  of  F,  dissociation  has  been  analyzed,  from  which 
an  effective  t  F}  dissociation  cross  section  has  been  obtained 

1 1  2 1  Based  on  this  provisional  cross  section,  the  data  of  Fig. 
2  chow  that  electron  energy  loss  accompanying  direct  dissoci¬ 
ation  by  elections  is  likely  to  be  substantial  for  halogen  mole¬ 
cule  concentrations  typical  of  rare-gas  halide  lasers.  In  addi¬ 
tion.  the  contribution  of  this  process  to  F2  dissociation  will 
also  be  shown  to  be  significant. 

Her  iron  Rate  Coefficients  Presented  in  Fig.  3  is  the  t'/n 
variation  of  the  electron  rate  coefficients  for  metastable  exci¬ 
tation  and  lom/.atKin  from  the  ground  state  corresponding  to 
the  conditions  of  Fig  2.  These  data  were  generated  usingavail- 


able  cross  section  information  [17],  [18],  With  a  mean  elec¬ 
tron  energy  much  lower  than  the  threshold  for  excitation, only 
those  electrons  in  the  high  energy  region  of  the  electron  energy 
distribution  participate  in  the  metastable  production  and  ion¬ 
ization  processes.  This  accounts  for  the  characteristically  strong 
dependence  of  the  rate  coefficients  for  these  processes  on  bln 
(i.e.,  mean  electron  energy).  The  higher  rate  coefficients  for 
Kr  reflect  the  fact  that  the  energy  thresholds  for  excitation 
and  ionization  of  krypton  are  lower  than  the  respective  thresh¬ 
olds  for  argon. 

In  most  if  not  all  electronically  excited  excimer  lasers,  the 
fractional  ionization  exceeds  1 0‘6  and  the  fractional  metastable 
concentration  exceeds  1(T5.  For  these  circumstances, electron- 
electron  [19],  [20]  collisions  and  electron  collisions  with 
metastable  atoms  [6]  exert  an  important  influence  on  the 
electron  energy  distribution,  the  former  tending  to  increase 
the  number  of  high  energy  electrons  and  the  latter  resulting  in 
a  decrease  in  their  number.  Those  electron  rate  coefficients 
which  are  particularly  sensitive  to  the  high  energy  region  of 
the  distribution  are  most  affected  by  such  changes.  Thus,  in 
addition  to  their  strong  dependence  on  E/n,  the  rate  coeffi¬ 
cients  for  electronic  excitation  and  ionization  of  ground  slate 
rare  gas  atoms  exhibit  a  significant  dependence  on  degree  of 
ionization  and  on  fractional  metastable  concentration.  The 
results  presented  in  Figs.  4  and  5  illustrate  this  effect  for 
representive  KrF*  laser  conditions.  The  influence  of  electron- 
electron  collisions  is  particularly  striking  (Fig.  4),  resulting  in 
nearly  a  two  order-of-magnitude  increase  in  the  rate  coefficient 
for  Kr  ionization  and  a  three  order-of-magnitude  increase  for 
Ar  as  the  fractional  ionization  increases  in  the  10“6  to  IO"4 
range  typical  of  rare-gas  halide  discharges. 

Fig.  5  indicates  that  variations  in  rare  gas  excitation  and  ion¬ 
ization  rates  caused  by  cooling  of  the  electron  energy  distribu¬ 
tion  due  to  excitation  of  metastable  atoms  to  higher  levels  are 
also  significant.  Of  more  importance  is  the  fact  that  since  frac¬ 
tional  ionization  and  fraction  metastable  concentration  gener¬ 
ally  increase  together,  the  effects  illustrated  in  Figs.  4  and  5 
tend  to  be  partially  offsetting.  In  addition,  the  variation  shown 
in  these  figures  for  a  fixed  E/n  value  of  1 .0  X  IO"16  V  ■  cm2 
becomes  greater  as  E/n  is  reduced  below  this  level  and  is  smaller 
for  higher  E/n  values.  Thus,  in  modeling  rare-gas  halide  laser 
discharges,  it  is  necessary  to  evaluate  rate  coefficients  for  ion¬ 
ization  and  excitation  from  the  ground  state  using  self-consis¬ 
tent  combinations  of  E/n,  degree  of  ionization,  and  metastable 
fraction. 

Presented  in  Fig.  6  are  the  E/n  variations  of  the  rate  coeffi¬ 
cients  for  Ar  and  Kr  excitation  and  deexcitation  between  the 
grouped  metastable  and  p  states,  calculated  using  available 
cross  section  data  [21  ] .  Rate  coefficients  for  ionization  from 
both  the  metastable  and  p  states  are  also  shown  [22],  [23]. 
These  data  exhibit  a  weak  dependence  on  E/n ,  reflecting  the 
fact  that  the  energy  thresholds  for  the  processes  involved  are 
comparable  to  (or  less  than)  the  mean  electron-energy.  For 
this  reason  the  rate  coefficients  presented  in  Fig.  6  are  practi¬ 
cally  insensitive  to  variations  in  either  the  degree  of  ionization 
or  the  metastable  fraction.  However,  the  magnitude  of  the 
rate  coefficients  for  electron-excited  state  collision  processes  is 
exceptionally  large  as  a  consequence  of  the  alkali-like  structure 
of  the  rare-gas  excited  states  [21]. 
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Fig.  4.  Variation  of  Ar  and  Kr  rate  coefficients  for  metastable  produc¬ 
tion  and  ionization  with  fractional  ionization  for  an  E/n  value  of 
1.0  X  10~14  V  cms.  The  fractional  concentrations  of  metastable 
and  p  state  atoms  were  fixed  at  10”5  and  10~®,  respectively. 
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MET  AST  ABLE  FRACTION 

Fig.  S.  Variation  of  Ar  and  Kr  rate  coefficients  for  metastable  produc¬ 
tion  and  ionization  with  metastable  fraction  for  an  E/n  value  of  1.0  X 
10~14  V-  cm1  and  a  fractional  ionization  of  10"4.  The  fractional  p 
state  concentration  was  increased  in  proportion  to  the  metastable 
fraction  so  that  the  p  state:  metastable  ratio  was  always  0.1. 

F2  Vibrational  Excitation:  Fig.  6  also  shows  the  electron 
rate  coefficients  for  F2  vibrational  excitation  and  for  dissocia¬ 
tive  attachment  of  F2  in  the  vibrational  ground  state  and  in 
the  first  vibrational  level,  computed  using  the  theoretical  cross 
sections  of  [11).  The  rate  coefficient  for  vibrational  excita¬ 
tion  reflects  excitation  from  the  ground  state  to  the  first  ten 
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Fig.  6.  E/n  variation  of  electron  rate  coefficients  for  excitation,  deexci¬ 
tation  and  ionization  of  rare  gas  p  state  atoms,  along  with  the  rate 
coefficients  for  metastable  ionization,  F2  dissociative  attachment, 
and  Fj  vibrational  excitation.  The  rate  coefficients  for  these  pro¬ 
cesses  exhibit  very  little  change  in  response  to  variations  in  fractional 
ionization  or  excited  state  concentration.  The  notation  RG  refers  to 
either  Ar  or  Kr. 

vibrational  levels,  each  of  which  has  been  energy  weighted 
(24)  with  respect  to  the  first  level.  The  attachment  rate  coef¬ 
ficient  for  F2  in  the  ground  vibrational  level  is  found  to  be 
within  5  percent  of  that  computed  using  recent  experimental 
cross  section  data  (16).  While  attachment  cross  sections  for 
vibrationally  excited  F2  have  not  been  measured,  this  agree¬ 
ment  lends  support  to  the  theoretical  prediction  (11]  that  at¬ 
tachment  to  vibrationally  excited  F2  should  proceed  at  a  much 
faster  rate  than  for  F2(i>  =  0).  If  such  is  the  case,  the  increas¬ 
ing  population  of  vibrationally  excited  F2  during  the  discharge 
excitation  pulse  will  result  in  an  increase  in  electron  loss  due 
to  attachment,  thereby  tending  to  offset  the  reduction  in  the 
attachment  loss  accompanying  the  loss  of  F2  due  to  dissocia¬ 
tion.  Subsequent  discussion  will  show  that  such  an  effect 
could  influence  the  onset  of  plasma  instability. 

C.  Excited  State  Processes 

In  addition  to  efficient  rare  gas  metastable  production,  effi¬ 
cient  rare-gas  monohalide  formation  requires  that  leactions 
leading  to  the  formation  of  KrF*  dominate  over  competing 
metastable  quenching  processes.  Thus,  reactions  between  rare- 
gas  metastable  atoms  and  the  halogen  “fuel"  molecule  must  be 
the  dominant  metastable  loss  process;  and  the  branching  ratio 
for  the  formation  of  the  desired  rare-gas  monohalide  molecule 
must  be  near  unity.  Setser  and  co-workers  (2S|  have  con¬ 
ducted  extensive  investigations  of  rare-gas  metastable  atom 
quenching  and  have  found  that  practically  all  halogenated 
molecules  have  large  rate  constants.  Moreover,  diatomic  halo¬ 
gens  such  as  F2  have  near  unity  branching  ratio  for  rare-gas 
monohalide  formation.  Thus,  energy  efficient  formation  of 
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rare-gas  monohalide  molecules  is  usually  assured  in  discharges 
in  which  rare-gas  metastables  are  produced  efficiently,  and  in 
which  an  appropriate  halogen  fuel  molecule  is  present. 

With  a  stimulated  emission  cross  section  in  the  1  to  5  X  lO"16 
cm2  range  [I },  maintenance  of  optimum  gain  requires  a  rare- 
gas  monohalide  density  of  about  1014  cm"5,  a  relatively  high 
excited  state  concentration  even  for  an  atmospheric  pressure 
glow  discharge.  Thus,  knowledge  of  rare-gas  halide  loss  mecha¬ 
nisms  under  various  conditions  is  particularly  important.  The 
dominant  rare-gas  halide  quenching  processes  have  been  identi¬ 
fied  by  Rokni,  Jacob,  and  Mangano  whose  detailed  analysis 
and  interpretation  is  presented  elsewhere  [5] .  Certain  of  their 
results  relevant  to  KrF*  lasers  are  summarized  in  Table  I  along 
with  other  related  data  [26]-[30],  It  is  worth  pointing  out 
that  each  of  the  major  constituents  in  the  gas  mixture  colli- 
sionally  quenches  [5  J  KrF*  (Fig.  1 ,  Table  I).  Additionally, 
with  a  radiative  lifetime  less  than  10  ns,  spontaneous  decay  of 
the  rare-gas  monohalide  laser  molecule  is  always  important  for 
the  conditions  of  interest. 

Quenching  of  Rare-Gas  P State  Atoms  by  Neutral  Collisions: 
Fig.  6  shows  that  the  rate  coefficient  for  electron  impact  exci¬ 
tation  of  rare-gas  metastable  atoms  to  the  higher  lying  mani¬ 
fold  of  p  states  [21 )  is  very  large.  Indeed,  for  the  conditions 
encountered  in  rare-gas  halide  lasers,  this  process  can  compete 
with  the  desired  metastable-Fj  rare-gas  monohalide  formation 
channel.  Thus,  the  significance  of  p  state  excitation  from  the 
metastable  state  depends  on  what  happens  to  the  p-state  atoms 
after  they  are  produced.  For  this  reason,  a  knowledge  of  p- 
state  quenching  processes  is  particularly  important.  Recently 
Chang  and  Setser  [30J  reported  rate  coefficients  for  collisional 
quenching  of  Ar  p-state  atoms  by  argon  at  room  temperature 
(Table  I).  Their  results  show  that  metastable  production  as  a 
result  of  p-state  quenching  by  ground  state  atoms  will  be  very 
fast  for  pressures  typical  of  rare-gas  halide  lasers.  Such  p-state- 
metastable  transitions  can  be  explained  [30]  in  terms  of  a 
curve  crossing  mechanism  among  the  *rf  repulsive  states  which 
then  dissociate,  eg.,  Ar*(p)  +  Ar  -»  Ar  J  -*  Ar*  +  Ar.  Subse- 
quent  discussion  will  show  that  this  process  can  dominate  p- 
state  atom  quenching  in  rare-gas  halide  lasers  thereby  exerting 
an  important  influence  on  both  rare-gas  halide  formation  effi¬ 
ciency  and  plasma  stability. 

III.  Laser  Discharge  Analysis 
A.  Temporal  Variations 

Plasma  Modeling  Analysis  of  plasma  properties  in  pulsed 
rare-gas  halide  lasers  requires  modeling  of  the  time  dependent 
variation  of  electron,  ion,  and  excited  state  processes  for  con¬ 
ditions  typical  of  the  excitation  scheme  of  interest  [1],  [6], 
[7 1 .  In  the  present  work,  emphasis  has  been  placed  on  electron- 
beam  controlled  laser  discharges  operating  under  conditions 
similar  to  those  described  in  [31],  For  the  most  part,  the 
modeling  procedures  used  are  similar  to  those  typically  em¬ 
ployed  in  such  analyses  [6],  [7).  The  principle  electron  and 
excited  state  reactions  and  rate  coefficients  used  in  the  present 
analysis  have  been  discussed  in  the  preceding  section  and  are 
presented  in  Figs.  3-6  and  in  Table  I.  The  dependence  of 
electron-atom  rate  coefficients  on  variations  in  E/n,  fractional 
ionization  and  metastable  fraction  was  accounted  for  by  solv- 


TABLE I 

Rare  Gas  and  Rare-Gas  Halide  Neutral  Reactions  and  Rate 
Coefficients  for  KrF*  Lasers 


Hear t Ion 

Ret  e  Coef  f lc lent 

Reference 

Ar*  ♦  Kr  * 

Kr*(p)  ♦  Ar 

5.6 

(-12) 

26 

Ar*  ♦  F2  - 

Ar F*  4  F 

7.5 

(-10) 

5 

*  G  ’ 

KrF*  4  f 

7.8 

(-10) 

5 

Ar *(p)  ♦  Ar 

-  Ar*  4  Ar 

2-6 

(-11) 

30 

Kr*( p)  *  Ar 

*  Kr*  4  Ar 

2-6 

(-11) 

estimated  (see 

30) 

Arf*  4  Kr  - 

KrF*  4  Ar 

1.6 

(-9) 

5 

Ar  F*  •»  Ar  4 

M  «  Ar jF*  4  M 

4.0 

(-31) 

5 

KrF*  4  Kr  4 

M  -  Kr2F*  4  M 

6.5 

(-31) 

5 

KrF*  4  2Ar 

products 

7.0 

(-32) 

5 

Ar  F*  4  F2  - 

products 

1.9 

(-9) 

5 

KrF*  4  F2  - 

products 

7.8 

(-10) 

5 

KrF*  -  Kr  4 

F  ♦  hv  (248  nm) 

9  (- 

9) 

27 

Ar F*  •  Ar  4 

F  4  hv  (193  nm) 

-v  4 

(-9) 

29 

Kr^F*  •  2Kr 

4  F  4  hv  (400  nm) 

181 

(-9) 

28 

Ar?F*  •  2Ar 

4  F  4  h.  (290  nm) 

132 

(-9) 

29 

*  Units 

two-body  processes 

.  sec*'  ctn,1 

;  three- 

•body  processes,  sec"' 

cm6- 

radlat lv 

e  processes,  se< 

The  number 

In  (  ) 

refers  to  the  exponent 

of  ten 

ing  the  Boltzmann  equation  [19] ,  [24]  in  order  to  generate  a 
matrix  of  data  similar  to  those  presented  in  Figs.  3-5.  On  the 
basis  of  the  data  so  obtained,  rate  coefficients  for  excitation 
and  ionization  from  the  ground  state  were  represented  analyt¬ 
ically  by  an  expression  of  the  form, 

k(E/n,  a,  6)  =  k0(E/n)f(E/n,  a)g(E/n ,  6), 

where  k  is  the  rate  coefficient  for  a  particular  process,  a  is  the 
fractional  ionization,  6  is  the  metastable  fraction,  and  fandg 
are  E/n  dependent  analytic  functions  reflecting  the  numerically 
determined  variations  in  k  with  changes  in  a  and  6  (Figs.  4  and 
5).  Thus,  k0  was  determined  by  specifying  an  E/n  value  in  the 
range  of  interest.  The  rate  coefficients  k{E/n,  a,  6)  were  then 
computed  as  a  function  of  time  using  self-consistent  values  of 
a  and  6. 

Species  Concentrations:  Fig.  7  presents  the  computed  tem¬ 
poral  variation  of  selected  species  for  representative  experi¬ 
mental  conditions  [31  ] .  In  this  example,  the  external  ioniza¬ 
tion  source  was  increased  as  a  function  of  time  in  order  to 
simulate  the  increase  in  e-beam  current  density  typical  of  pulsed , 
cold-cathode  e-gun  operation  [31  [.  For  these  conditions, 
plasma  properties  reach  quasi-steady  values  in  a  time  less  than 
0.1  ps.  However,  Fig.  7  shows  that  significant  changes  occur 
on  a  longer  time  scale  because  of  the  combined  influence  of 
the  increasing  e-beam  ionization  rate  and  F2  dissociation,  par¬ 
ticularly  the  latter.  Indeed,  for  this  example  Fa  dissociation 
exceeds  25  percent  after  about  0.6  ps.  The  results  presented 
in  this  figure  show  that  the  fractional  ionization  (a  =  ne/n)  and 
metastable  fraction  (6  =«*/«)  are  approximately  4X  10"6 
and  10"5,  respectively,  values  for  which  electron  rate  coeffi¬ 
cients  are  affected  by  collisions  with  other  electrons  and  with 
metastable  atoms  (Figs.  4  and  5).  In  addition,  Fig.  7  shows 
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Fig.  7.  Temporal  variation  of  selected  species  in  an  e-beam  controlled 
KrF*  laser  discharge  at  a  pressure  of  1  atm;  Ar-Kr-Fj  (0.945- 
0.05-0.005).  For  this  example  the  t'/n  value  was  1.2  X  10'16  V  ■ 
cm2  ,  and  the  temporal  variation  of  the  e-beam  ionization  rate  was 
160  +  8  x  107  t  s'1,  resulting  in  a  50  percent  increase  in  the  electron 
production  rate  after  1  ms. 

that  alter  a  few  tenths  of  a  pis  the  concentrations  of  vibration- 
ally  excited  F2  and  of  F  atoms  reach  levels  corresponding  to 
about  one-tenth  the  initial  F2  density. 

The  computed  populations  of  all  excited  species  considered 
in  the  present  analysis  are  presented  in  Fig.  8  for  a  time  0.4  pis 
after  discharge  initiation.  This  figure  shows  that  the  primary 
excited  species  are  the  rare  gas  metastables,  Ar*  and  Kr*,  and 
the  krypton-fluorides  KrF*  and  Kr2  F*,  each  having  a  concentra¬ 
tion  of  approximately  1014  cm'3.  Other  excited  species  have 
number  densities  in  the  2  X  10,J-2  X  1013  cm'3  range,  with 
the  total  excited  state  fraction  in  excess  of  2  X  10'5  for  the 
conditions  of  this  example.  Clearly  there  are  other  excited 
rare  gas  and  rare-gas  halide  molecules  which  will  probably  have 
concentrations  on  the  order  of  1012  cm'3  for  conditions  typi¬ 
cal  of  rare-gas  halide  lasers. 

Medium  Properties:  Numerical  modeling  of  laser  character¬ 
istics  begins  with  a  study  of  microscopic  processes,  analysis  of 
which  is  the  primary  source  of  insight  required  to  optimize 
and/or  improve  conditions.  However,  an  equally  important 
objective  of  such  studies  is  quantitative  computation  of  macro¬ 
scopic  properties  of  the  laser  medium  which  can  be  directly 
compared  with  experimental  results.  Indeed,  comparison  be¬ 
tween  predicted  and  measured  rare-gas  halide  laser  character¬ 
istics  has  been  found  to  be  very  good  [1],  [7],  [31]. 

Fig.  9  shows  the  computed  small-signal  gain,  KrF*  produc¬ 
tion  efficiency,  total  volumetric  power  density,  and  discharge: 
e-beam  power  enhancement  factor  corresponding  to  the  condi¬ 
tions  of  Figs.  7  and  8.  The  KrF*  production  efficiency  (tj)  as 
used  here  includes  the  quantum  efficiency  and  as  such  repre¬ 
sents  the  fraction  of  the  total  power  potentially  available  for 
conversion  to  optical  power.  The  enhancement  factor  (EF) 
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Fig.  8.  Particle  concentrations  corresponding  to  the  conditions  of  Fig. 
7  at  a  time  0.4  ms  after  discharge  initiation. 
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Fig.  9.  Temporal  variation  of  total  electrical  power  density  (/*„),  dis¬ 
charge:  e-beam  power  enhancement  factor  (EF),  small-signal  gain 
(*„),  and  KrF*  production  efficiency  (n)  for  the  conditions  of  Fig.  7. 

is  simply  the  ratio  of  the  discharge  power  to  that  supplied  by 
the  e-beam.  The  data  of  this  figure  illustrate  the  high  gain 
and  remarkable  rare-gas  monohalide  production  efficiency 
characteristic  of  rare-gas  halide  lasers,  KrF*  in  particular. 
Note,  however,  that  although  the  power  density  is  dominated 
by  the  discharge  contribution  (EF  >  1),  the  enhancement  fac¬ 
tor  is  very  much  lower  than  that  typical  of  IR  molecular  lasers 
[9],  This  is  a  direct  consequence  of  the  high  e-beam  power 
required  to  maintain  the  electron  density  at  the  necessary  level 
in  the  presence  of  the  enormous  loss  rate  of  electrons  due  to 
F2  dissociative  attachment,  a  circumstance  resulting  in  signifi¬ 
cant  practical  problems  related  to  certain  aspects  of  electron- 
beam  technology.  Furthermore,  with  a  total  electrical  power 
density  of  approximately  100  kW  •  cm'3,  the  rate  of  gas  tem¬ 
perature  rise  is  well  over  100  K  per  ps.  This  factor,  when  con¬ 
sidered  along  with  the  rate  of  loss  of  fluorine  fuel  due  to  dis¬ 
sociation  (Fig.  7),  establishes  an  upper  limit  for  laser  pulse 
duration  which  is  on  the  order  of  a  few  ps. 

Fig.  9  shows  that  the  energy  utilization  efficiency  associated 
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1  ij!.  10.  Temporal  variation  of  small-signal  gain  and  absorption  coeffi¬ 
cients  lor  the  conditions  of  Fig.  7.  The  KrF*  stimulated  emission 
cross  section  used  was  2.4  X  10~16  V  ■  cm2 ;  and  the  absorption  cross 
sections  used  for  the  species  indicated  were  those  reported  in  |32|. 
In  this  figure  the  notation  RG  refers  to  the  combined  effect  of  Ar 
and  K  r. 

with  KrF*  production  can  be  very  high  (~20  percent).  How¬ 
ever.  overall  laser  efficiency  is  also  dependent  on  optical  power 
extraction  efficiency.  Analysis  shows  that  optical  extraction 
efficiency  can  be  significantly  affected  by  the  presence  of  elec¬ 
tronically  excited  and/or  ion  species  which  absorb  at  the  UV 
laser  wavelength  |1],  (32),  even  though  the  absorption  coef¬ 
ficient  (>o)  niay  be  less  than  one-tenth  as  large  as  the  gain 
coefficient.  Indeed,  it  has  been  shown  [1 J  that  efficient  opti¬ 
cal  extraction  requires  that  7 0lg0  <  0.1 .  Presented  in  Fig.  10 
is  the  computed  temporal  variation  of  the  total  absorption 
coefficient  at  the  KrF*  laser  wavelength  (248  nm)  correspond¬ 
ing  to  the  conditions  of  Fig.  7.  Also  shown  are  the  individual 
contributions  from  known  absorbing  species,  computed  on  the 
basis  of  reported  cross  section  data  (32) .  For  the  conditions  of 
this  example,  photodissociation  of  F2  is  obviously  the  domi¬ 
nant  laser  absorption  process.  However,  the  concentrations  of 
ionic  and  excited  species  are  subject  to  much  greater  variation 
than  the  F2  density,  and  their  combined  influence  is  very  sig¬ 
nificant  as  indicated  in  Fig.  10.  Analysis  of  optical  extraction 
efficiency  for  the  conditions  of  this  figure  yields  a  value  of 
about  45  percent  for  an  active  medium  length  of  1  m.  When 
combined  with  a  KrF*  production  efficiency  of  20  percent 
(Fig.  9),  an  electrical-to-optical  conversion  efficiency  of  almost 
10  percent  is  indicated,  in  accord  with  the  highest  experimen¬ 
tal  values  attained  to  date  under  similar  conditions  (1). 

B.  Dominant  Processes 

As  indicated  in  Section  II,  numerous  processes  must  be  con¬ 
sidered  in  the  analysis  of  rare-gas  halide  lasers.  However,  nu¬ 
merical  experimentation  shows  that  certain  processes  such  as 
rare  gas  metastable  loss  tend  to  be  dominated  by  a  single  reac¬ 
tion.  Others  such  as  KrF*  formation  and  loss  are  affected  by 
several  reactions  of  approximately  equal  importance.  Exami¬ 
nation  of  the  relative  importance  of  the  various  coupled  reac¬ 
tions  is  useful  and  provides  insight  helpful  to  understanding 


and  improving  rare-gas  halide  lasers.  In  the  following  para¬ 
graphs,  the  relative  contributions  to  electron  production, 
metastable  and  p  state  loss,  and  KrF*  production  and  loss  for 
the  conditions  of  Figs.  7-9  will  be  discussed. 

Electron  Production:  Ideally,  when  electron-beam  ioniza¬ 
tion  is  employed  to  provide  a  stable,  large  volume  plasma 
medium,  ionization  is  controlled  entirely  by  the  external  ion¬ 
ization  source,  effectively  decoupbng  electron  production 
from  other  plasma  properties.  Such  is  the  case  in  IR  molecular 
lasers  [9] ,  for  example,  in  which  the  mean  electron  energy  re¬ 
quired  for  efficient  vibrational  excitation  is  much  less  than 
that  for  which  electronic  excitation  and  ionization  become  sig¬ 
nificant.  However,  in  rare-gas  halide  lasers  (and  other  excimer 
lasers  as  well)  the  mean  electron  energy  required  is  several 
electron  volts  and  the  density  of  electronically  excited  species 
is  high  (9) .  Given  these  circumstances  along  with  the  alkali¬ 
like  structure  of  rare-gas  metastables,  significant  ionization  by 
low  energy  plasma  electrons  is  usually  unavoidable  even  when 
an  external  ionization  source  is  used. 

Fig.  1 1  compares  the  various  fractional  contributions  to 
electron  production  in  a  KrF*  laser  discharge  operating  under 
the  conditions  of  Fig.  7.  These  results  show  that  although  ion¬ 
ization  by  the  high  energy  e-beam  is  dominant,  low  energy 
electron  impact  ionization  of  rare-gas  metastable  atoms  pro¬ 
vides  almost  20  percent  of  the  ionization,  a  contribution  which 
increases  significantly  with  time.  Indeed,  even  ionization  of 
argon  and  krypton  p  states  is  important  for  the  conditions  of 
this  example.  The  nonnegligible  contribution  of  ground  state 
ionization  is  a  direct  reflection  of  the  increase  in  the  ionization 
rate  coefficient  caused  by  electron-electron  collisions. 

The  relative  contributions  to  the  ionization  process  as  indi¬ 
cated  by  Fig.  1 1  are  typical  of  the  e-beam  controlled  rare-gas 
halide  lasers  that  have  been  operated  to  date  ( 1  j ,  [3 1 1 ,  (33  j  - 
(35) .  On  the  basis  of  these  results,  it  is  apparent  that  such 
discharges  are  actually  of  a  hybrid  nature  in  which  substantial 
contributions  to  ionization  are  made  by  both  high  energy  beam 
electrons  and  by  plasma  electrons. 

Metastable  and  p  State  Loss  Processes:  In  e-beam  controlled 
rare-gas  halide  discharges,  production  of  rare-gas  metastable 
atoms  is  dominated  by  a  single  process,  electron  impact  excita¬ 
tion  of  ground  state  atoms.  However,  there  are  several  reac¬ 
tions  by  which  metastable  atoms  are  lost.  Fig.  12  presents  a 
comparison  of  the  Ar*  loss  processes  for  the  conditions  of 
present  interest.  The  effect  of  coupling  between  the  metasta¬ 
ble  and  p  states  has  been  grouped  as  a  single  process  as  indicated. 
Thus,  Ar*  Ar*(p)  represents  the  net  effect  of  electron  exci¬ 
tation  of  the  p  states  from  the  metastable  states,  and  transi¬ 
tions  back  to  the  metastable  states  caused  by  both  electron 
and  neutral  collisions  and  by  radiative  decay.  This  figure  vividly 
illustrates  the  dominance  of  the  desired  metastable-halogen 
reaction  [25]  and  in  part  explains  why  the  KrF*  laser  is  so 
attractive.  Although  such  selectivity  is  a  requirement  for  effi¬ 
cient  KrF*  formation,  a  consequence  of  the  dominance  of  the 
RG*-F]  reaction  is  that  the  metastable  concentration  is  par¬ 
ticularly  sensitive  to  the  loss  of  F2  due  to  dissociation.  Since 
metastable  ionization  makes  a  significant  contribution  to  elec¬ 
tron  production  (Fig.  1 1),  the  increased  metastable  concentra¬ 
tion  accompanying  dissociative  loss  of  F2  has  a  particularly 
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FRACTIONAL  CONTRIBUTION 

Fig.  11.  Fractional  contributions  to  electron  production  in  an  e-beam 
controlled  KrF*  laser  discharge  for  the  conditions  of  Fig.  7.  These 
results,  and  those  presented  in  Figs.  12,  13,  and  IS- 17,  refer  to  the 
time  0.4  us  after  discharge  initiation  and  are  representative  of  condi¬ 
tions  in  the  0.2  to  0.6  us  time  range. 


FRACTIONAL  CONTRIBUTION 

Fig.  13.  Fractional  contributions  to  the  loss  of  argon  p  state  atoms  in 
an  e-beam  controlled  KrF*  laser  discharge  for  the  conditions  of  Fig.  7. 
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Fig.  12.  Fractional  contribution  to  argon  metastable  loss  in  an  e-beam 
controlled  KrF*  laser  discharge  for  the  conditions  of  Fig.  7. 

serious  effect  on  plasma  stability,  a  topic  which  is  discussed  in 
a  subsequent  section. 

For  the  reasons  discussed  in  Section  II,  knowledge  of  the 
processes  by  which  rare  gas  p  state  atoms  are  lost  is  of  consid¬ 
erable  importance.  There  are  numerous  processes  resulting  in 
the  loss  of  p-state  atoms  including:  electron  superelastic  col¬ 
lisions  by  which  p-state  atoms  are  converted  back  to  metastable 
states  with  no  net  loss  of  electron  energy,  halogen  reactions,3 
quenching  by  neutrals  which  also  results  in  metastable  produc¬ 
tion  [30] ,  electron  excitation  and  ionization,  and  spontaneous 
radiative  transitions  back  to  the  metastable  states.  Presented 
in  Fig.  13  are  the  relative  contributions  of  these  processes  to 
the  loss  of  argon  p-state  atoms.  These  results  show  that  neutral 
quenching  of  p-state  atoms  by  ground  state  rare-gas  atoms  is 
the  dominant  p-state  loss  process.  Thus,  p-state  atoms  pro¬ 
duced  by  way  of  electron  collisions  with  metastable  atoms  are 
rapidly  converted  back  to  metastables  by  collisions  with  ground 
state  atoms,  with  the  result  that  this  process  has  little  net  ef¬ 
fect  on  the  density  of  metastable  atoms.  However,  the  elec¬ 
tron  energy  expended  to  produce  p-state  atoms  from  metasta¬ 
bles  is  converted  to  translational  energy  of  neutrals.  As  long  as 

3  In  this  analysis  it  has  been  assumed  that  p-statc-F2  reactions  result 
in  RGF*  formation  and  proceed  at  a  rate  equal  to  that  of  the  corres¬ 
ponding  metastable  reaction. 


Fig.  14.  Fractional  loss  of  electron  power  resulting  from  the  net  effect 
of  excitation  and  deexcitation  of  the  rare  gas  p  states  in  an  Ar-Kr-Fj 
(0.945-0.05-0.005)  mixture.  The  fraction  of  p  state  atoms  was 
maintained  at  a  value  one-tenth  that  of  the  metastable  fraction  for 
the  purposes  of  this  illustration. 

the  electron  energy  loss  associated  with  production  of  p-state 
atoms  is  not  large  the  laser  energy  utilization  efficiency  is  not 
greatly  affected  by  this  process.  However,  Fig.  14  shows  that 
the  fractional  electron  energy  loss  associated  with  p-state  exci¬ 
tation  depends  directly  on  the  metastable  density  and  becomes 
very  significant  if  the  metastable  fraction  exceeds  a  value  of 
approximately  3  X  10‘5. 

KrF*  Formation  and  Loss:  The  mechanisms  responsible  for 
rare-gas  halide  formation  and  loss  have  been  the  subject  of  ex¬ 
tensive  experimentation  and  analysis  [1],  [S],  [25],  [27], 
[28] .  As  a  result,  the  reactions  of  primary  importance  have 
been  identified  and  a  generally  complete  set  of  rate  data  is 
available  for  use  in  analyses  such  as  that  described  herein. 
Figs.  1 5  and  1 6  present  a  comparison  of  the  relative  importance 
of  KrF*  production  and  loss  for  the  conditions  of  Fig.  7.  For 
the  conditions  of  this  example,  the  ArF*-Kr  displacement 
reaction  [5]  dominates  the  formation  of  KrF*.  Examination 
of  Figs.  2,  12,  and  IS  reveals  the  direct,  efficient  channel  of 
energy  from  the  electrons  to  Ar*  to  ArF*,  and  finally  to  KrF*. 
For  typical  conditions,  the  energy  channeled  through  the 
KrF*  molecule  represents  between  20  and  30  percent  of  the 
to‘«^  discharge  energy  (Fig.  9).  Note,  however,  that  both 
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Fig.  IS.  Fractional  contributions  to  KrF*  production  in  an  e-beam 
controlled  laser  discharge  for  the  conditions  of  Fig.  7. 

the  contributions  of  positive  ion-negative  ion  recombination 
and  of  the  direct  reaction  of  F2  with  krypton  metastabies  are 
also  significant.  The  relative  importance  of  the  Kr*-F2  reac¬ 
tion  will  be  even  larger  for  values  of  Kr  fractional  concentra¬ 
tion  larger  than  the  0.05  considered  here. 

For  the  present  case  in  which  there  is  no  optical  field  present, 
spontaneous  decay  and  F2  quenching  are  both  very  important 
loss  channels  for  KrF*  as  indicated  in  Fig.  16.  However,  three- 
body  quenching  by  A r  and  Kr  are  also  very  significant.  Indeed, 
for  somewhat  higher  Kr  fractions  and/or  at  pressures  of  a  few 
atmospheres,  three-body  quenching  becomes  the  dominant 
KrF*  loss  process.  Under  these  circumstances  the  concentra¬ 
tion  of  the  triatomic  rare-gas  halide  Kr2F*  approaches  and 
even  exceeds  the  KrF*  density. 

Of  particular  interest  is  the  fact  that  in  e-beam  controlled, 
discharge  pumped  lasers,  no  single  process  dominates  either 
production  or  loss  of  the  diatomic  rare-gas  halide  molecule. 
Of  course,  efficient  laser  operation  requires  conditions  such 
that  stimulated  emission  is  the  dominant  KrF*  loss  process. 
With  the  ratio  of  gain  to  absorption  (go ho)  having  a  value  of 
about  ten,  analysis  shows  that  efficient  optical  power  extrac¬ 
tion  requires  an  optical  flux  approximately  twice  the  satura¬ 
tion  level  [1 1 ,  the  latter  having  a  value  of  nearly  1  MW  •  cm'1 
for  the  conditions  of  Fig.  16. 

C.  Fj  Dissociation 

The  results  and  discussion  presented  above  show  that  opti¬ 
mum  conditions  for  efficient  production  of  KrF*  can  be 
achieved  in  high-power  e-beam  controlled  (or  e-beam  excited) 
lasers.  In  addition  it  is  shown  that  F2  exerts  a  very  Important 
(indeed  dominant)  influence  on  the  concentrationsofelectrons, 
metastable  and  p-state  atoms,  and  rare-gas  halide  molecules. 
Thus,  no  single  process  exerts  an  influence  on  laser  plasma 
conditions  which  is  comparable  to  the  effects  of  F2  dissocia¬ 
tion.  Fig.  7  shows  that  substantial  F2  dissociation  can  occur 
in  a  time  less  than  1  jjs  in  e-beam  controlled  discharges.  Al¬ 
though  plasma  conditions  are  quite  satisfactory  for  the  first 
0.5  jjs  for  this  example  (Fig.  9),  as  a  result  of  dissociation,  a 
substantial  variation  in  properties  occurs  for  times  in  exoess  of 
about  0.6  ia,  resulting  in  the  occurrence  of  plasma  instability 
shortly  thereafter. 

The  various  contributions  to  F2  dissociation  for  these  condi- 


FRACTIONAL  CONTRIBUTION 

Fig.  16.  Fractional  contributions  to  KrF*  loss  (in  the  absence  of  a  radi¬ 
ation  Field)  for  the  conditions  of  Fig.  7. 


FRACTIONAL  CONTRIBUTION 

Fig.  17.  Fractional  contributions  to  Fj  dissociation  in  an  e-beam  con¬ 
trolled  KrF*  laser  discharge  for  the  conditions  of  Fig.  7. 

tions  are  presented  in  Fig.  17.  By  far  the  most  important  fea¬ 
ture  of  this  figure  is  its  indication  of  the  large  number  of  differ¬ 
ent  processes  resulting  in  dissociation.  Clearly,  F2  dissociative 
reactions  are  of  a  fundamental  nature  in  rare-gas  halide  lasers. 
Indeed,  because  of  the  large  number  of  reactions  involved, 
numerical  experimentation  shows  that  the  quasi-steady  plasma 
properties  discussed  in  previous  paragraphs  are  relatively  insen¬ 
sitive  to  variations  in  the  rate  coefficients  used  for  the  reactions 
indicated  in  Fig.  17,  within  known  limits  of  uncertainty. 
However,  since  ionization  resulting  from  low  energy  electron 
impact  is  always  important  (Fig.  11)  for  the  conditions  of 
primary  interest,  the  plasma  is  only  marginally  stable.  For  this 
reason,  the  time  at  which  instability  actually  occurs  can  vary 
significantly  in  response  to  changes  in  the  F2  concentration. 

D.  Plasma  Instability 

For  the  electrical  power  density  values  required  for  optimum 
laser  performance,  the  loss  of  F2  due  to  dissociation,  along 
with  gas  heating,  establishes  a  maximum  limit  for  discharge 
pulse  length  which  is  on  the  order  of  a  few  jus.  However,  the 
occurrence  of  plasma  instability  (current  runaway)  in  a  much 
shorter  time  actually  determines  the  maximum  attainable 
pulse  duration  in  e-beam  controlled  rare-gas  halide  lasers  (1  ] , 
(31 J,  (33) -(351.  F°f  this  reason,  plasma  instability  plays  a 
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uniquely  important  role  in  determining  the  experimentally  ac¬ 
cessible  range  oflaser  discharge  operating  parameters, especially 
discharge:  e-beam  power  enhancement  factor  (1 1  (Fig.  9). 

Electron  Density  Growth:  Completely  self-consistent  anal¬ 
ysis  of  rare-gas  halide  laser  stability  is  a  formidable  problem, 
requiring  consideration  of  the  temporal  response  of  the  elec¬ 
trons,  ions,  and  several  excited  species  to  disturbances  in  plasma 
properties.  However,  the  mode  of  instability  leading  to  cur¬ 
rent  runaway  in  rare-gas  halide  discharges  has  been  identified 
as  ionization  instability  (1],  (31],  (36),  (37).  This  instabil¬ 
ity  is  a  manifestation  of  temporal  amplification  of  electron 
density  disturbances.  Therefore,  useful  insight  can  be  obtained 
by  consideration  of  the  time  dependent  electron  conservation 
equation  alone.  For  the  present  purpose,  this  equation  may  be 
expressed  in  the  form 

dn, 

—  =*  r>S  +  nenkj  +  nen*k f  +  n,n»(p)*(*(p)  -  n,nFj*a , 

(1) 

where  ne,  n,  n*,  n*( p),  and  are  the  densities  of  electrons, 
ground  state  neutrals,  metastables,  p-state  atoms  and  F2,  re¬ 
spectively,  S  is  ionization  rate  due  to  the  external  source,  and 
k h  kf,  and  fr^p)  are  the  rate  coefficients  for  ionization  of 
ground  state  atoms,  metastable  atoms,  and  p-state  atoms  (Figs. 
3-6),  and  ka  is  the  F2  attachment  rate  coefficient.  If  it  is 
assumed  that  excited  species  respond  to  disturbances  on  a  time 
scale  which  is  shorter  than  that  of  the  electrons,4  and  that 
electron  density  disturbances  vary  as  exp  (W),  application  of 
first-order  perturbation  theory  results  in  the  following  approx¬ 
imate  expression  for  the  maximum  growth  rate  of  electron 
density  disturbances: 

v-nk^l  +  2-  +  2n*kf+  3n*(p)kf(p)  -  nF>ka.  (2) 

The  first  term  on  the  right-hand  side  is  the  contribution  of 
ground  state  ionization;  thus  the  term  (a/kt)dkt/da  is  a  dimen¬ 
sionless  quantity  of  order  unity  which  reflects  the  variation  in 
the  ionization  rate  coefficient  with  changes  in  fractional  ion¬ 
ization  a  (Fig.  4).  The  second  and  third  terms  reflect  the  in¬ 
fluence  of  metastable  and  p-state  ionization,  respectively,  the 
factor-of-two  arising  because  the  metastable  concentration 
varies  as  the  square  of  the  electron  density,  and  the  factor-of- 
three  because  the  density  of  p-state  atoms  varies  as  the  cube  of 
the  electron  density.  In  order  to  ensure  stability  (u  <  0,  elec¬ 
tron  density  disturbances  damped),  the  attachment  term  nFika, 
must  always  be  larger  than  the  combined  contributions  to  (2) 
from  the  various  ionization  processes. 

Presented  in  Fig.  1 8  are  the  temporal  variations  of  the  domi¬ 
nant  contributions  to  (2)  for  the  conditions  of  Fig.  7,  i.e.,  ex¬ 
cited  state  ionization  and  attachment  to  F2  (in  the  ground 

4  Although  electrons  and  metastable  atoms  often  respond  to  distur¬ 
bances  on  the  same  time  scale,  the  approximation  that  perturbations  in 
the  metastable  concentration  are  quasi-steady  significantly  simplifies 
analysis,  thereby  facilitating  development  of  insight  as  regards  thecauses 
of  ionization  instability. 


Fig.  18.  First-order  contributions  to  the  growth  (or  damping)  rate  of 

electron  density  disturbances  resulting  from  ionization  of  Ar  and  Kr 

excited  states  and  from  dissociative  attachment  to  Fj  in  the  ground 

vibrational  state  for  the  conditions  of  Fig.  7. 

vibrational  state).  Initially,  conditions  are  such  that  the  con¬ 
tribution  due  to  ionization  from  excited  states  is  safely  below 
that  due  to  attachment,  the  latter  effectively  balanced  by  ion¬ 
ization  provided  by  the  external  source  (Fig.  11).  However, 
as  the  F2  concentration  decreases  as  a  result  of  dissociation, 
this  situation  changes  significantly  with  ionization  from  excited 
states  increasing  by  about  a  factor  of  two  in  only  a  few  tenths 
of  a  |is.  Thus,  the  criterion  for  ionization  stability  (o<0)  is 
quickly  violated,  usually  in  a  time  less  than  1  ps  after  discharge 
initiation. 

Although  the  stabilizing  influence  of  attachment  is  initially 
about  twice  as  large  as  the  terms  due  to  ionization  ((2),  Fig. 
18] ,  the  effects  on  electron  density  growth  of  attachment  and 
ionization  become  equal  (t>  =  0)  as  a  result  of  only  25  percent 
Fj  dissociation  (Fig.  7).  Analysis  of  the  factors  contributing 
to  (2)  shows  that  the  ratio  of  the  ionization  terms  (destabiliz¬ 
ing)  to  the  attachment  term  (stabilizing)  varies  approximately 
as  rtf’.  For  this  reason,  whenever  ionization  from  excited 
states  becomes  significant  (>10  percent)  relative  to  that  pro¬ 
vided  by  the  e-beam,  plasma  stability  is  exceptionally  sensitive 
to  the  loss  of  Fj . 

CUrrent  Runaway:  The  temporal  evolution  of  discharge  cur¬ 
rent  density  prior  to  instability  onset  and  the  time  at  which 
current  runaway  actually  occurs  are  both  very  sensitive  to  the 
discharge  E/n  value.  Fig.  19  presents  computed  current  den¬ 
sity  profiles  for  various  E/n  values  and  conditions  otherwise 
similar  to  those  discussed  previously.  The  discharge:  e-beam 
power  enhancement  factor  at  the  leading  edge  of  the  pulse  is 
also  indicated.  Although  the  current  density  is  uniform  and 
the  plasma  is  stable  for  over  I  ps  at  an  E/n  value  of  1 .0  X  10~16 
V-  cm1,  at  this  value  the  power  enhancement  factor  is  only 
about  two.  That  is,  about  3  of  the  total  power  is  provided  by 
the  e-beam  ionization  source  just  to  maintain  the  electron  den¬ 
sity  at  the  required  level.  Increasing  E/n  results  in  a  substan¬ 
tial  increase  in  the  discharge  power,  and  therefore  in  the  en¬ 
hancement  factor  as  is  desired.  However,  Fig.  19  shows  that 
this  is  accomplished  at  the  expense  of  stable  discharge  dura- 
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Fig.  19.  Temporal  variation  of  discharge  current  density  for  various 
E/n  values  and  conditions  otherwise  the  same  as  Fig.  7.  The  indicated 
values  of  discharge,  e-beam  power  enhancement  factor  refer  to  the 
time  0.)  us  after  discharge  initiation. 

tion.  For  E/n  values  of  1 .2  X  10'16  V  ■  cm3  and  higher,  cur¬ 
rent  density  runaway  occurs  in  a  time  less  than  one  jjs  as  is 
evidenced  by  a  rapidly  increasing  current  density  derivative. 

Instability  Onset  Time:  Presented  in  Fig.  20  is  the  E/n  de¬ 
pendence  of  the  time  at  which  the  computed  current  density 
runaway  occurs  as  determined  by  the  present  kinetic  model 
for  KrF*  laser  conditions.  Instability  onset  time  determined 
on  this  basis  is  directly  comparable  with  experimental  observa¬ 
tion  of  current  runaway;  and,  the  computed  current  runaway 
time  presented  in  this  figure  is  found  to  be  in  good  agreement 
with  measured  values  [31] .  Since  current  runaway  is  particu¬ 
larly  sensitive  to  the  concentration  of  rare-gas  excited  states, 
for  which  there  is  no  direct  experimental  measure,  agreement 
between  calculated  and  measured  current  density  profiles 
serves  as  a  check  on  the  accuracy  of  the  former.  Also  shown 
in  Fig.  20  is  a  dashed  curve  representing  the  time  after  discharge 
initiation  at  which  the  theoretical  criterion  for  ionization  in¬ 
stability  is  first  satisfied  (u  =  0).  This  time  was  determined  by 
computing  the  instability  growth  (or  damping)  rate  using  time 
varying  plasma  conditions  to  evaluate  (2).  For  low  values  of 
E/n  the  plasma  is  stable  for  a  relatively  long  time  (~1  jjs).  Un¬ 
der  these  conditions,  the  computed  instability  onset  time  based 
on  the  theoretical  criterion  (v  =  0)  and  on  the  current  runaway 
time  as  determined  from  the  complete  kinetics  calculation  are 
essentially  equivalent,  reflecting  the  very  short  time  (<100  ns) 
characterizing  ionization  growth  after  the  initiation  of  instabil¬ 
ity.’  As  E/n  is  increased,  the  time  characteristic  of  stable  dis¬ 
charge  duration  (u  <  0)  is  reduced  dramatically,  approaching 
zero  for  E/n  values  only  slightly  higher  than  those  shown  in 

sOn  the  basis  of  this  comparison  it  can  alto  be  concluded  that  the 
factors  dominating  ionization  instability  in  rare-gas  halide  lasers  are 
reasonably  represented  by  the  approximate  expression  for  the  instabil¬ 
ity  growth  rate  given  in  (2). 


E/n(10-,eVcm*) 

Fig.  20.  E/n  variation  of  the  time  after  discharge  initiation  at  which 
numerically  determined  current  runaway  begins  (curve  a),  and  at 
which  exponential  growth  of  electron  density  disturbances  begins, 
i.e.,  ionization  instability  (curve  b).  In  the  evaluation  of  curve  b(v  = 
0)  ionization  of  ground  state  atoms  and  attachment  of  vibrationally 
excited  Fj  were  taken  into  account.  These  results  correspond  to  the 
conditions  of  Fig.  7. 

the  figure.  That  is,  for  high  E/n  values,  the  plasma  is  unstable 
practically  from  the  time  of  its  initiation,  based  on  the  criterion 
that  u  be  less  than  zero  to  ensure  stability.  However,  Fig.  20 
shows  that  the  actual  occurrence  of  current  runaway  at  high 
E/n  values  is  delayed  by  a  time  which  is  approximately  equal 
to  the  ionization  growth  time,  ~(n*/cf)"' .  Nevertheless,  for 
the  conditions  considered  here,  the  duration  of  the  excitation 
pulse  for  which  the  energy  enhancement  factor  can  be  main¬ 
tained  at  a  level  near  ten  is  limited  to  approximately  0.1  ps  as 
a  result  of  ionization  instability. 

IV.  Summary  and  Discussion 

The  analysis  and  discussion  of  the  preceding  sections  focuses 
attention  on  the  relationship  among  the  numerous  processes 
contributing  to  the  formation  and  loss  of  the  KrF*  molecule 
in  an  electron-beam  controlled  discharge.  Therein  it  is  shown 
that  KrF*  can  be  produced  with  an  efficiency  of  20  percent 
using  this  scalable  excitation  technique.  In  addition,  krypton- 
monofiuoride  densities  in  excess  of  10‘4  cm'3  are  readily  at¬ 
tained  which,  when  combined  with  a  stimulated  emission 
cross  section  of  about  2.4  X  10'“  cm3,  results  in  a  gain  coef¬ 
ficient  of  about  1  percent  cm'1 .  Thus,  it  can  be  concluded 
that  KrF*  kinetic  processes  are  generally  very  favorable  for 
efficient  laser  operation  under  conditions  typical  of  near  at¬ 
mospheric  pressure  electron-beam  controlled  discharges. 

The  plasma  required  to  achieve  optimum  KrF*  laser  excita¬ 
tion  is  characterized  by  a  mean  electron  energy  of  several 
electron  volts,  a  fractional  ionization  greater  than  10"*,  and 
a  fractional  metastable  concentration  in  excess  of  10's.  Sec¬ 
tion  II  shows  that  under  these  conditions  electron-electron  col- 
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lisions  and  electron  collisions  with  excited  atoms  have  a  very 
important  effect  on  plasma  processes.  Further,  it  is  shown  that 
numerous  reactions,  including  rare-gas  halide  formation,  result 
in  dissociation  of  the  fluorine  fuel  molecules.  Since  reactions 
between  halogen  molecules  and  both  metastable  atoms  and 
electrons  exert  a  controlling  influence  on  the  population  of 
these  species,  dissociation  of  F2  results  in  significant  changes 
in  plasma  properties.  Indeed,  the  results  presented  here  show 
that  as  a  result  of  Fj  dissociation,  KrF*  laser  properties  are 
continuously  changing  from  the  time  of  plasma  initiation  until 
termination  due  either  to  the  onset  of  instability  or  to  critical 
loss  of  Fj.  For  values  of  discharge:  e-beam  power  enhance¬ 
ment  greater  than  about  three,  results  obtained  to  date  have 
shown  that  plasma  instability  limits  maximum  laser  pulse  dura¬ 
tion  to  a  time  less  than  1  ys  (Figs.  19-20).  However,  with  E/n 
values  corresponding  to  enhancement  factors  in  the  2-3  range, 
laser  pulses  of  about  1  ys  have  been  achieved  [1],  with  even¬ 
tual  loss  of  F2  being  the  factor  limiting  pulse  duration.  This 
general  behavior  is  typical  of  all  electron-beam  controlled  rare- 
gas  halide  lasers  (1 ) ,  [35]  and  of  the  closely  related  mercury- 
halide  [38]  lasers  as  well. 

Based  on  the  good  agreement  between  measured  and  pre¬ 
dicted  laser  characteristics,  it  is  reasonable  to  conclude  that 
the  dominant  reactions  influencing  rare-gas  halide  formation 
and  loss  have  been  identified  and  that  a  satisfactory  data  base 
exists.  However,  operational  experience  with  rare-gas  halide 
lasers  has,  for  the  most  part,  been  limited  to  single  pulse  exper¬ 
iments  [1  ] .  Practical  implementation  of  this  unusually  prom¬ 
ising  class  of  high-power  lasers  requires  dependable,  repetitive 
pulse  operation  using  a  flowing,  recirculating  gas  mixture.  In 
addition,  many  applications  will  require  electron-beam  con¬ 
trolled  discharge  excitation  under  conditions  such  that  the 
e-beam  power  is  a  relatively  small  fraction  (<0.1)  of  the  dis¬ 
charge  power.  Past  experience  with  IR  molecular  lasers  indi¬ 
cates  that  the  major  obstacles  to  achieving  these  objectives  will 
be  related  to  plasma  chemical  processes  and  discharge  stability 
[39]  -[41] .  Solution  of  these  formidable  problems  will  require 
substantial  additions  to  the  existing  body  of  knowledge  per¬ 
taining  to  rare-gas  halide  kinetics.  Aside  from  the  primary  reac¬ 
tions  directly  involved  in  rare-gas  halide  molecular  processes, 
very  little  data  exist  for  reactions  between  halogen  molecules 
(and  atoms)  and  discharge  species.  For  example,  there  is  little 
or  no  information  pertaining  to  the  reaction  of  either  F  atoms 
or  F]  with  rare-gas  excited  states,  electrons,  or  ions  [42]. 
While  reactions  of  this  type  may  play  only  a  secondary  role  in 
rare-gas  monohalide  molecule  formation  and  loss  as  it  occurs 
in  a  single  pulse  experiment,  they  are  certain  to  exert  an  im¬ 
portant  influence  on  the  chemistry  of  closed- cycle,  repetitive 
pulse  lasers. 

Analysis  of  positive  ion  reactions  in  rare-gas  halide  plasmas  is 
based  almost  entirely  on  the  premise  that  rare-gas  monomer 
and  dimer  ions  are  dominant.  However,  in  addition  to  these 
ions,  rare-gas  trimer  ions,  heteronudear  rare-gas  dimer  ions, 
and  rare-gas  halide  ions  are  likely  to  be  present  in  significant 
concentrations  (>  10  percent).  It  is  known  that  relatively  small 
concentrations  of  complex  ions  can  significantly  influence 
plasma  properties  [43]  (especially  stability  [41])  because  of 
their  unusually  large  electron  recombination  coefficients  [44] . 


725 


In  addition,  positive  ions  play  a  unique  role  in  rare-gas  halide 
lasers  as  a  consequence  of  their  direct  involvement  in  rare-gas 
halide  formation  [1J,  [5]  and  because  they  absorb  radiation 
at  the  laser  wavelength  [32],  [45],  For  these  reasons,  im¬ 
proved  knowledge  of  ion  reactions  at  high  pressure  and  low 
temperature  is  also  of  importance,  especially  under  closed- 
cycle  conditions  for  which  the  concentration  of  neutral  species 
produced  by  plasma- chemical  reactions  is  likely  to  become 
substantial. 

Experimental  verification  ]  1 )  of  the  high  energy  conversion 
efficiency  predicted  for  the  KrF*  laser  represents  a  significant 
milestone  in  the  development  of  a  scalable,  high  power  UV 
laser,  and  provides  impressive  evidence  that  conditions  opti¬ 
mum  for  efficient  laser  excitation  can  be  created  in  a  high 
pressure,  chemically  active  plasma.  However,  it  has  also  been 
found  that  it  is  exceptionally  difficult  to  maintain  the  desired 
plasma  properties  in  a  stable,  long  pulse  (~ys)  discharge  be¬ 
cause  of  significant  changes  in  the  gas  mixture  arising  from  the 
rare-gas  halide  formation  process  itself.  As  these  systems  are 
scaled  for  applications  requiring  high  average  power,  difficul¬ 
ties  arising  from  this  circumstances  will  certainly  become  more 
pronounced.  For  this  reason,  it  is  clear  that  future  efforts 
must  be  directed  toward  identification  of  the  dominant  ion 
and  neutral  chemical  reactions  occurring  under  the  plasma 
conditions  to  be  encountered  with  closed-cycle,  respectively 
pulsed  rare-gas  halide  lasers. 
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